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 The Mesoproterozoic Era falls between the two largest carbon-isotope 
perturbations in Earth history, both associated with global glaciations. More peculiar than 
the relatively short-lived 15-20 ‰ shifts recorded during the Paleoproterozoic and 
Neoproterozoic, the late Paleoproterozoic and Mesoproterozoic δ13C records show a near-
flat line ~0 ‰, sometimes referred to as the ‘boring billion’. Recovery from this carbon 
isotopic baseline is hypothesized to occur during the later Mesoproterozoic, yet a dearth 
of carbonate records capturing this time period limits our understanding of the Earth 
System during this crucial time. The Bass Formation of Grand Canyon is one of few 
well-preserved, age-calibrated Mesoproterozoic mixed siliciclastic-carbonate successions 
in the world and offers a physical and isotopic record towards understanding the Earth 
System at ca. 1.25 Ga. 
The Bass Formation contains eight main facies that include dolostone, limestone, 
evaporite, shale/mudstone, siltstone, sandstone, conglomerate, and diamictite/soft 
sediment deformation. Carbonate facies include dolomitic to calcareous boundstone with 
domal and conical stromatolites, laminated dolostones, evaporitic dolostones, massive 
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dolomicrite, and silty dolomitic intraclastic packstone. Siliciclastic facies 
include shale to mudstone, fine- to coarse-grained sandstone, conglomerates, and 
diamictite. Diamictite contains intraformational angular dolostone boulders up to tens of 
cm in diameter. All facies interfinger and indicate a tectonically active system with 
continent-derived fluvial-deltaic environments supplying sediments to a shallow to 
restricted marine carbonate system. 
 A subset of carbon stable isotope values gleaned from the carbonate facies within 
the Bass Formation indicate primary values from ~0 to 4 ‰. Oxygen stable isotope 
values range from -2 to -15 ‰ and indicate some samples may have values that result 
from an evaporitic environment. Petrography was used in assessing the purity of the 
carbonate, drilling locations, and how likely it was for these rocks to indicate primary 
values. 87Sr/86Sr values range from 0.7066 to 0.7081 and may indicate primary seawater 
values. 
Using an iterative approach between marker beds and isotope values, a C-isotope 
curve for the Bass Formation was constructed and is compared to other Mesoproterozoic 
successions. The time period between 1255-1230 Ma records a 4 ‰ magnitude shift and 
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Rocks provide insight into ancient times before complex animals existed. The 
oldest sedimentary rocks in Grand Canyon (the Bass Formation) allow us to glimpse into 
what things might have been like over a billion years ago. These rocks record the time 
known as the Mesoproterozoic Era (1.6 to 1.0 billion years ago), otherwise known as the 
‘boring billion’. These rocks are thought to be the right age to indicate the end of an 
oddly stable world when continents were quiet and life was calm, yet they predate 
younger rocks that record extreme events. The Bass Formation, some of the only rock of 
this age in the world, contains evidence for life and the carbon cycle, and yields 
information about Earth’s environments 1.2 billion years ago. 
The carbon cycle can be studied using carbonate rocks. Assuming that the rock 
has the same chemistry as the water it formed in, we can measure the relative abundance 
of carbon isotopes to see a ‘fingerprint’ of the system during the time the rock was 
deposited. During the boring billion, it is thought that very little variation occurs in this 
fingerprint. However, as more studies are completed, we see a modest variation in units 
around the age of the Bass Formation. The fingerprint results from this study can be 
added to the growing collection of Mesoproterozoic studies and help to further our 






Thank you to the following: 
 
Dr. Professor Carol Dehler for being a terrific mentor and friend throughout this 
project and my Master’s degree. I learned much from you about fieldwork, lab work, and 
balancing life during it all. Karl Karlstrom, Laurie Crossey, Jordan Anderson, and the 
University of New Mexico, without which, the scientific river trips would not have been 
possible. Grand Canyon National Park for allowing us to complete research in such an 
exceptional field area and to Ronda Newton for organizing our backpacking trips. Dennis 
Newell and Andrew Lonero for allowing me to run samples in the USU Stable Isotopes 
Lab and for help whenever I came knocking. My thesis committee, Mike Timmons and 
Joel Pederson for constructive criticism and patience. Mikaela Pulsipher for putting up 
with my puns in the field and for carrying my samples out of the field. James Hagadorn 
and the Denver Museum of Nature and Science for enthusiastic help in the field and for 
funding those mules to carry out our samples after Clear Creek. Linda Kah and Julie 
Bartley for Allamoore and Castner data and thoughtful conversations at the GSA 
meeting. Will Blocher, for the thoughtful criticisms, moral support, and assistance with 
Appendix D. My parents for endless support and love. Thanks for always believing I 
could do it. Special thanks to Tang, the best field vehicle that ever was. 
 
This project would not have been possible without the gracious support from the 
following: Utah State University Geology Department: J. Stewart Williams Graduate 
Fellowship (two years) and Kim R. Robeson Memorial Scholarship, Utah State 
University Graduate Research Creative Opportunity, AEG Foundation: Norman R. 
Tilford Field Studies Scholarship, RMS-SEPM: Edwin D. McKee Grant, Tobacco Root 
Geological Society: Harrison Scholarship (two years), Colorado Scientific Society: 
George Snyder Fund (two years), and GSA Graduate Student Research Grant. 






ABSTRACT ....................................................................................................................... iii 
PUBLIC ABSTRACT .........................................................................................................v 
ACKNOWLEDGMENTS ................................................................................................. vi 
1. INTRODUCTION ...........................................................................................................1 
1.1. Overview ....................................................................................................................1 
1.2. Objectives ..................................................................................................................2 
1.3. Significance and Motivation ......................................................................................2 
1.4. Geologic Setting.........................................................................................................6 
1.5. Previous Work on the Bass Formation ....................................................................11 
2. METHODS ....................................................................................................................18 
2.1. Field Work ...............................................................................................................18 
2.2. Lab Procedures.........................................................................................................21 
2.3. Data Analysis ...........................................................................................................23 
2.3.1. General Methods ................................................................................................23 
2.3.2. Markov Chain Analysis .....................................................................................24 
3. RESULTS AND INTERPRETATIONS .......................................................................26 
3.1. Facies Descriptions and Interpretation.....................................................................26 
3.1.1. Dolostone Facies ................................................................................................29 
3.1.2. Limestone Facies ...............................................................................................29 
3.1.3. Evaporite Facies .................................................................................................30 
3.1.4. Shale/Mudstone Facies ......................................................................................30 
3.1.5. Siltstone Facies ..................................................................................................31 
3.1.6. Sandstone Facies ................................................................................................31 
 viii 
 
3.1.7. Conglomerate Facies ..........................................................................................32 
3.1.8. Diamictite and/or Soft Sediment Deformation Facies .......................................32 
3.1.9. Interbedded Facies .............................................................................................33 
3.3. Physical Stratigraphy, Facies Distribution, and Paleogeographic Interpretation ....34 
3.4. Carbon and Oxygen Isotope Data ............................................................................36 
3.5. Isotope Stratigraphy .................................................................................................39 
3.5.1. Hance Rapids (River Mile 77) ...........................................................................39 
3.5.2. Vishnu Canyon (River Mile 81) ........................................................................42 
3.5.3. Clear Creek, west of creek (River Mile 84) .......................................................44 
3.5.4. Clear Creek, east of creek (River Mile 84) ........................................................46 
3.5.5. South Kaibab Trail (River Mile 87.5) ................................................................48 
3.5.6. Bright Angel Creek, east of creek (River Mile 88) ............................................50 
3.5.7. Bright Angel Creek, west of creek (River Mile 88)...........................................52 
3.5.8. Bass Canyon (River Mile 107) ..........................................................................54 
3.6. Intrabasinal Correlation and a Composite Bass 13C curve .....................................56 
3.7. 87Sr/86Sr Data ...........................................................................................................60 
4. DISCUSSION ................................................................................................................62 
4.1. Bass Formation Stratigraphy....................................................................................62 
4.1.1. Vertical Stratigraphic Trends .............................................................................62 
4.1.2. Lateral Stratigraphic Trends ..............................................................................63 
4.2. Depositional Model for the Bass Formation ............................................................64 
4.3. Regional Isotopic Correlations ................................................................................66 
4.3.1. Middle Crystal Spring Formation ......................................................................67 
4.3.2. Mescal Limestone ..............................................................................................69 
4.3.3. Allamoore Formation .........................................................................................71 
4.3.4. Castner Marble ...................................................................................................75 
4.4. Isotopic correlation of Southwest Laurentian Basins ..............................................79 
4.5. Depositional and Tectonic Setting of Southwest Laurentian Basins .......................81 
4.6. Extra-Continental Correlation ..................................................................................81 
 ix 
 
4.6.1. Upper Marble Unit, Grenville Supergroup ........................................................81 
4.6.2. Avzyan Formation, Southern Urals, Russia .......................................................84 
4.7. Implications of Bass Formation data for the middle-late Mesoproterozoic Stable 




A. Data Tables ..............................................................................................................102 
B. Stratigraphic Columns ..............................................................................................110 
C. Isotope Plots .............................................................................................................119 
D. Field Photographs ....................................................................................................127 





LIST OF TABLES 
Table Page 
1  Summary of 6 major facies of Bass Formation from Dalton (1972) ............... 13 
2 Bass Formation Facies ..................................................................................... 27 
3 Markov Chain Analysis Data. .......................................................................... 34 
4 Summary of δ13C and δ18O data per locality .................................................... 37 
5 87Sr/86Sr, δ13C, and δ18O for Bass Formation samples ..................................... 60 
6 Isotopic data for Castner Marble ...................................................................... 76 
7  87Sr/86Sr data from Upper Marble unit of Grenville Supergroup ..................... 83 
8  Isotopic Data for Avzyan Formation ............................................................... 85 
A.1  Geochronology of the Bass Tephra. ............................................................... 102 
A.2  UTM Coordinates for Bass Formation Localities .......................................... 102 
A.3  Facies present at each locality ........................................................................ 103 
A.4  Bass Formation δ13C (‰, PDB) and δ18O (‰, PDB) Data ............................ 104 






LIST OF FIGURES 
Figure Page 
1  Supercontinent cycles in the Mesoproterozoic and Neoproterozoic .................. 5 
2  Generalized Grand Canyon Supergroup Stratigraphy. ....................................... 7 
3  Detrital zircon spectra for Bass Formation and Hakatai Shale .......................... 8 
4  Mesoproterozoic units of southwest Laurentia ................................................ 10 
5  1255-1230 Ma: Deposition of Mesoproterozoic Laurentian carbonate units ... 11 
6  Depositional models I and II for the Bass Formation (Dalton, 1972). ............. 14 
7  Bass stratigraphic columns for Timmons and Dalton localities ....................... 16 
8  Concordia Plot for 1254.8 ± 1.6 Ma age from Timmons (2005). .................... 17 
9  Bass Formation Localities: Generalized map of field area in Grand Canyon .. 20 
10  Bass Formation composite stratigraphic column. ............................................ 36 
11  13C versus 18O Crossplot, all localities ......................................................... 38 
12  Hance Rapids stratigraphy and isotopes ........................................................... 40 
13  δ13C vs. δ18O crossplots at individual localities. .............................................. 41 
14  Vishnu Canyon stratigraphy and isotopes ........................................................ 43 
15  Clear Creek (west) stratigraphy and isotopes ................................................... 45 
16  Clear Creek (east), stratigraphy and isotopes ................................................... 47 
17  South Kaibab Trail, stratigraphy and isotopes ................................................. 49 
18  Bright Angel Creek (east), stratigraphy and isotopes ....................................... 51 
19  Bright Angel Creek (west), stratigraphy and isotopes ..................................... 53 
20  Bass Canyon, stratigraphy and isotopes. .......................................................... 55 
21  Intrabasinal Facies and Isotope Correlation. .................................................... 57 
 xii 
 
22  Bass Formation composite isotope curve ......................................................... 59 
23  Generalized block diagram depositional model for Bass Formation. .............. 65 
24  Stratigraphy, δ13C, and δ18O of the Middle Crystal Spring Formation. ........... 68 
25  Stratigraphy, δ13C, and δ18O of the Mescal Limestone. ................................... 71 
26  Stratigraphy, δ13C, and δ18O of the Allamoore Formation ............................... 73 
27  δ13C vs δ18O crossplot for Allamoore Formation isotope values ..................... 74 
28  Elemental analyses as diagenetic indicators for the Allamoore Formation ..... 74 
29  Stratigraphy, δ13C, and δ18O of the Castner Marble ......................................... 77 
30  δ13C vs δ18O crossplot for Castner Marble isotope values   ............................. 78 
31  Elemental analyses as diagenetic indicators for Castner Marble. .................... 78 
32  SW Laurentian Mesoproterozoic units and carbon stable isotope curves. ....... 80 
33  Generalized stratigraphy, δ13C, δ18O, and 87Sr/86Sr of Grenville Supergroup. 83 
34  Generalized stratigraphy, δ13C, and δ18O of the Avzyan Formation. ............... 86 
35  Mesoproterozoic C-isotope curves ................................................................... 88 
36  A second possible correlation ........................................................................... 89 
B.1  Hance Rapids, stratigraphic column .............................................................. 110 
B.2  Key for stratigraphic columns ........................................................................ 111 
B.3  Vishnu Canyon, stratigraphic column ............................................................ 112 
B.4  Clear Creek (west), stratigraphic column....................................................... 113 
B.5  Clear Creek (east), stratigraphic column ........................................................ 114 
B.6  South Kaibab Trail stratigraphic column ....................................................... 115 
B.7  Bright Angel Creek (east), stratigraphic column ........................................... 116 
B.8  Bright Angel Creek (west), stratigraphic column .......................................... 117 
B.9  Bass Canyon, stratigraphic column ................................................................ 118 
 xiii 
 
C.1  Hance Rapids δ13C and δ18O data .................................................................. 119 
C.2  Vishnu Canyon δ13C and δ18O data ................................................................ 120 
C.3  Clear Creek (west), δ13C and δ18O data ......................................................... 121 
C.4  Clear Creek (east), δ13C and δ18O data........................................................... 122 
C.5  South Kaibab Trail δ13C and δ18O data .......................................................... 123 
C.6  Bright Angel Creek (east), δ13C and δ18O data .............................................. 124 
C.7  Bright Angel Creek (west), δ13C and δ18O data ............................................. 125 
C.8  Bass Canyon, δ13C and δ18O data ................................................................... 126  
D.1  Bright Angel Monocline from Bright Angel Trail ......................................... 127 
D.2  Dolomitic boundstone, Bass Canyon (RM 107). ........................................... 127 
D.3  Conical stromatolites, Clear Creek (RM 84).................................................. 128 
D.4  Conical Stromatolites, Bright Angel Creek, east (RM 88). ........................... 128 
D.5  Silicified conical stromatolite, Bright Angel Creek, west (RM 88). .............. 129 
D.6  Broadly domed stromatolites, Vishnu Canyon (RM 81). .............................. 129 
D.7  Side view of broadly domed stromatolites ..................................................... 130 
D.8  Wavy surface with agitated conical stromatolites .......................................... 130 
D.9  Calcitic Boundstone, Bass Canyon (RM 107). .............................................. 131 
D.10 Pisoids, Bass Canyon (RM 107). .................................................................... 131 
D.11 Collapsed pisoid bed, Bright Angel Creek, east (RM 88). ............................. 132 
D.12 Intraclastic breccia, Clear Creek, east (RM 84). ............................................ 132 
D.13 Interbedded shales and carbonates, Clear Creek, east (RM 84). .................... 133 
D.14 Ripplemarks and mudcracks in situ, Hance Rapids (RM 77). ....................... 133 
D.15 Mudcracks (float), Hance Rapids (RM 77). ................................................... 134 
D.16 Intraclastic sandstone, Hance Rapids (RM 77). ............................................. 134 
 xiv 
 
D.17 Arkosic arenite sandstone, Hance Rapids (RM 77). ....................................... 135 
D.18 Mud crack casts (float), Vishnu Canyon (RM 81). ........................................ 135 
D.19 Broad channel, South Kaibab Trail (RM 87.5). ............................................. 136 
D.20 Crossbedding, South Kaibab Trail (RM 87.5). ............................................... 136 
D.21 Hotauta Conglomerate, Hance Rapids (RM 77), river left. ............................ 137 
D.22 Mass flow deposits, Hance Rapids (RM 77). ................................................. 137 
D.23 Mass flow deposit, Bright Angel Creek, east (RM 88). ................................. 138 
D.24 Mass flow deposit with ripped up stromatolites redeposited as clasts I. ........ 138 
D.25 Mass flow deposit with ripped up stromatolites redeposited as clasts II ....... 139 
D.26 Soft Sediment Deformation, South Kaibab Trail (RM 87.5). ........................ 139 
D.27 Interbedded siltstone, sandstone, and thin carbonate beds. ............................ 140 
D.28 Clear Creek east (RM 84). .............................................................................. 140 
D.29 View downriver to Hance Rapids (RM 77) .................................................... 141 
D.30 Part of Vishnu Canyon section (RM 81). ....................................................... 141 
D.31 Clear Creek, west section (RM 84). ............................................................... 142 
D.32 Part of Bright Angel Creek, west section (RM 88). ....................................... 142 
E.1  Carbonates ...................................................................................................... 143 
E.2  Stromatolites/Calcispheres ............................................................................. 144 
E.3  Evaporitic Textures ........................................................................................ 145 
E.4  Siliciclastics ................................................................................................... 146 




The Mesoproterozoic record (1.6-1.0 Ga) provides a prelude to pivotal events of 
the Neoproterozoic, when some of the most drastic changes in ocean geochemistry and 
biology occur in Earth history. These changes in the Neoproterozoic are associated with 
low-latitude glaciation, concomitant supercontinent break up, an unstable carbon cycle, 
and the evolution of animals (Chu et al., 2007; Halverson et al., 2010; Knoll et al., 2006). 
In contrast, Mesoproterozoic strata show a much milder, but transitional, geochemical 
record (lower variability). The earlier Mesoproterozoic record indicates global warming 
and biogeochemical stability, which was disrupted in the latter Mesoproterozoic by the 
amalgamation of the supercontinent Rodinia, eukaryotic diversification, and changes in 
ocean geochemistry, especially changes in the carbon cycle. The middle part of the 
Mesoproterozoic is hypothesized to record this tectonic and biogeochemical transition, 
but due to poor temporal controls on mid-Mesoproterozoic successions, the timing and 
nature of this Earth System reorganization remains unclear (Bartley et al., 2001). 
The Bass Formation of Grand Canyon is one of few well-preserved, age-
calibrated Mesoproterozoic mixed siliciclastic-carbonate successions in the world. 
Specifically, the carbonate strata of the Bass Formation are a potential archive of 
Mesoproterozoic ocean chemistry and can provide signatures of ocean biogeochemistry 
and weathering/tectonic patterns as the supercontinent Rodinia was assembling. The 
carbon isotope record of the Bass Formation can contribute age-calibrated data to the 
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middle-late Mesoproterozoic global carbon isotope reference curve, which is 
currently data-limited. 
1.2. Objectives 
This study seeks to answer the following questions: 
1) Do Bass Formation carbonates record primary carbon and oxygen values, or have they 
been diagenetically altered? 
2) Does the Bass Formation represent an open marine environment, therefore recording 
global Earth System changes at ca. 1250 Ma? 
3) How do Bass Formation geochemistry and sedimentology datasets compare to other 
late Mesoproterozoic records around the world? 
4) What do Bass Formation data contribute to our understanding of paleoclimate and 
tectonics during the late Mesoproterozoic? 
1.3. Significance and Motivation 
1.3.1. Carbon and Strontium Isotope Analyses on Carbonate Strata 
δ13C and 87Sr/86Sr values from carbonate rock are used across the geologic 
timescale to understand variations in the carbon cycle and tectonism, respectively. In 
geologic applications, δ13C is a measurement of the 13C/12C ratios (expressed in per mil 
(‰)) of carbon isotopes within carbonate minerals. δ13C is reported relative to an 














*1000 (Equation 1) 
 
Assuming a carbonate mineral retains the δ13C signature of the body of water, these ratios 
then reflect conditions with respect to the carbon cycle. Perturbations to the 13C/12C ratio 
record can reflect: a) increased biologic activity or carbon burial rates, which take 12C out 
of the water, resulting in positive carbonate values relative to the Vienna Pee Dee 
Belemnite (PDB) international standard; or b) decreased biologic productivity and/or a 
slowing of carbon burial rates resulting in negative values relative to the PDB 
international standard (Frank et al., 2003). 
Similarly, 87Sr/86Sr values are a ratio of: a) radiogenic 87Sr that decays from 87Rb 
derived from continental crust; and b) non-radiogenic 86Sr derived from the mantle (e.g., 
seafloor spreading ridges). Therefore, if 87Sr/86Sr ratios are high in the measured 
carbonate, this is an indication of increased continental runoff, which is associated with 
increased weathering and increased tectonic activity (Faure, 1986; e.g., Asmerom et al., 
2001). 87Sr/86Sr data points from Mesoproterozoic carbonate strata can be used for 
comparison with the Bass Formation 87Sr/86Sr record and aid in both correlation and 
understanding of continental weathering. Both δ13C and 87Sr/86Sr values, when plotted 
through time are a powerful tool not only for correlation of potentially coeval measured 




1.3.2. The Mesoproterozoic Carbon Isotope Record  
Previous work on the Mesoproterozoic carbonate-carbon isotope record has been 
conducted in multiple localities around the globe (Siberia, Australia, China, Canada, and 
Mauritania, among others; [Buick et al., 1995; Bartley et al., 2001; Kah et al., 2001; 
Frank et al., 2003; Bartley et al., 2007; Chu et al., 2007; Kah et al., 2012; Gilleaudeau 
and Kah, 2013]). Kah et al. (1999) and Bartley et al. (2001) divide the Proterozoic carbon 
isotopic record into three distinct segments. The first is the late Paleoproterozoic to early 
Mesoproterozoic (ca. 2000-1250 Ma) carbon stable isotope record, which has relatively 
static carbon isotope values from ~0 ± 1 ‰ (PDB) (Brasier and Lindsay, 1998). The 
second segment includes the late Mesoproterozoic to early Neoproterozoic (~1250 to 
~850 Ma) carbon stable isotope records, and shows carbon stable isotope values of up to 
4 ‰ (PDB) with small deviations, indicating a perturbation to the previously stable 
carbon cycle. The last segment begins after 850 Ma and consists of large-magnitude 
carbon stable isotope shifts of up to -18 ‰ (PDB) (Hoffman et al., 1998; Rose et al., 
2012). Although the later excursions have been well-studied (Halverson et al., 2005; 
Halverson et al., 2010), in part due to their association with the Cryogenian low-latitude 
global glaciations (Rose et al., 2012), the mid to late Mesoproterozoic transition from a 
relatively stable climate to higher variability is poorly understood. To gain insight into 
these changes in the carbon cycle and related tectonic, biotic, and weathering changes, 
multiple Mesoproterozoic rock units have been studied and a carbonate-carbon isotope 
reference curve for this time period is slowly being assembled (Buick et al., 1995; Bartley 
et al., 2001; Kah et al., 2001; Shields and Veizer, 2002; Frank et al., 2003; Bartley et al., 
2007; Chu et al., 2007; Prokoph et al., 2008; Kah et al., 2012; Gilleaudeau and Kah, 
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2013; Krissansen-Totton et al., 2015; Fig. 1; this study). However, new 
geochronology of the Bylot Islands section from Kah et al. (2001) has refined the age of 
this unit to ca. 1.05 Ga (Gibson et al., 2017; Halverson, pers. comm., 2017), and thus 
removes a significant piece of data from the North American carbonate curve. This 
significant change to the carbonate curve makes the Bass Formation record even more 
important for this effort. 
 
 
Fig. 1. Supercontinent cycles in the Mesoproterozoic and Neoproterozoic, with global 
strontium and carbonate reference curves, and timing of biotic change. The timing of the 
Bass Formation record is indicated in light green (1255-1230 Ma) and coincides with 
increased variability in the 13C record. Strontium (dark green) after Kah et al., 2001; C-
isotope curve from Kah & Bartley, 2011; Stromatolite data from Sheldon, 2013. 
Modified from Kah et al., 2001. 
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1.4. Geologic Setting 
The Bass Formation comprises the oldest strata in Grand Canyon, Arizona and is 
the lowest unit in the Unkar Group of the Grand Canyon Supergroup (Fig. 2). It is a 
mixed carbonate and siliciclastic unit, which rests unconformably on the ca. 1842-1650 
Ma Granite Gorge metamorphic suite and granitoids (Ilg et al., 1996). Bass Formation 
outcrops are limited to the Colorado River Corridor in Grand Canyon, with the first 
exposures near Hance Rapids (river mile (RM) 77; river miles are measured as distance 
along the river from Lees Ferry), followed downstream by intermittent exposures found 




Fig. 2. Generalized Grand Canyon Supergroup Stratigraphy: The Bass Formation is the 
lowest sedimentary unit (including the Hotouta Conglomerate Member). It rests 
unconformably on the Granite Gorge Metamorphic Suite and is gradationally overlain by 
the Hakatai Shale. Modified from Timmons (2004). 
Basin analysis indicates that the Bass Formation and overlying Hakatai Shale 
were originally deposited in a tectonically active basin in a relatively brief period of 
geologic time. This is evidenced by syn-depositional monocline development and 
associated abrupt thickness and facies changes (Timmons, 2004; Timmons et al., 2005; 
this study). The Bass Formation has a maximum depositional age of 1254.8  1.6 Ma (U-
Pb ID-TIMS), which was established via analysis of zircons in a reworked tephra near the 
base of the formation (Timmons, 2004; Timmons et al., 2005; Table A.1: this study). 
Mulder et al. (2017) completed (U-Pb) detrital zircon analyses of sandstones within the 
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Bass Formation and the Hakatai Shale. Based on young grain populations, 
Mulder et al. (2017) interpreted the depositional age of the Bass-Hakatai 
tectonostratigraphic package as 1255-1230 Ma (Fig. 3). 
 
Fig. 3. Detrital zircon spectra for Bass Formation and Hakatai Shale (Mulder et al., 
2017). 
The Bass Formation and Hakatai Shale are interpreted as deposited in a subsiding 
retroarc basin. The arc developed over the north-dipping subduction zone along the 
southern margin of Laurentia (Mulder et al., 2017). This basin developed primarily as an 
isostatic response to the loading of the arc (Mitrovica et al., 1989; Mulder et al., 2017). 
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This subduction lasted from 1255-1230 Ma, at which point, subduction under 
Laurentia is thought to have slowed as the closing of the ocean basin south of Laurentia 
was instead taken up by a south-dipping subduction zone along the margin of the 
converging Kalahari craton (Li et al., 2008; Mulder et al., 2017). This was likely 
accompanied by the break-off of the north-dipping slab and the uplift of the basin into 
which the lower Unkar had been deposited. In Grand Canyon strata, the period of time 
between this subduction reversal and the onset of continental collision at 1140 Ma is 
thought to correspond to the unconformity between the lower and upper Unkar Group at 
the top of the Hakatai Shale (Timmons et al., 2005 and Mulder et al., 2017). Correlative 
Mesoproterozoic units to the Bass Formation across southwest Laurentia (Fig. 4 and Fig. 
5) include the Middle Crystal Spring Formation of the Pahrump Group in Death Valley 
(Wrucke, 1966), the Mescal Limestone of the Apache Group in central Arizona (Shride, 
1967), the Allamoore Formation (Van Horn) and Castner Marble (Franklin Mountains) in 
west Texas (Bickford, 2000), and the dolomite-bearing units in the lower part of the 
Debaca Sequence in east-central New Mexico and Texas (Barnes et al., 2002; Amarante 
et al., 2005; Mulder et al., 2017). These correlations are based upon geochronology, 
lithology, depositional environments, and the cross-cutting relationship with regionally 











Fig. 5. 1255-1230 Ma: Deposition of Mesoproterozoic Laurentian carbonate units in the 
southwest U.S., in a retroarc basin with sediments sourced from local basement and the 
southeast margin (Modified from Mulder et al., 2017). Key same as Fig. 4. 
1.5. Previous Work on the Bass Formation 
The first major study on the Bass Formation was conducted by Noble (1914). As 
part of his study, he divided the Unkar Terrane into five units, naming two of those the 
Bass Limestone and the Hotauta Conglomerate (later to become a member of the Bass 
Formation). The Bass Limestone received its name from the remarkable exposures in 
Bass Canyon that Noble encountered, though the first type section was established in 
Hotauta Canyon, not far from Bass Canyon. Noble completed the first petrographic study 
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of the Bass Limestone, examining 18 thin sections and categorizing the samples 
as ‘pure’ or ‘impure’ varieties. Further fieldwork led Noble to measure the Bass 
Limestone at a third locality, Hakatai Canyon. This section was so similar to his previous 
localities that he determined that beds in the Bass Limestone could be directly correlated 
between sections. 
Filling in some of the gaps where Noble’s study was lacking, Van Gundy (1934) 
expanded his study of the Bass Limestone to more than just western outcrops. Visiting at 
least two more eastern localities (Bright Angel district and Mineral Canyon), Van Gundy 
noted that the Bass Limestone occurs predominately as a light-gray or brownish 
dolomitic limestone. He also noted the presence of chert, sandy shale, arkosic sandstone, 
and conglomerate. He described the basal conglomerate (Hotauta Conglomerate) at the 
Bright Angel section, and noted that another conglomerate occurs higher in the section. 
At the Mineral Canyon locality, Van Gundy noted two higher conglomerates. Other 
observations from Van Gundy’s study were the presence of sedimentary structures (ripple 
marks and desiccation cracks) and what he termed, ‘algal structures’. Lastly, a suggestion 
was made to downgrade the Hotauta Conglomerate from formational status to a member 
of the Bass Limestone. 
A substantial MSc study on the Bass Limestone was completed by Dalton in 
1972. He echoed the sentiments of Van Gundy, and was the first to formally propose that 
the Hotauta Conglomerate be downgraded to a member of the Bass Limestone, rather 
than have formational status. This was suggested because the Hotauta Conglomerate is 
only located in Grand Canyon (not widespread), not of considerable thickness, and is 
lithologically similar to other Bass Limestone conglomerates. Even more significant, 
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Dalton suggested a name change for the Bass Limestone, suggesting ‘Bass 
Formation’ as a more appropriate alternative. Evidence presented for this change was its 
heterolithic composition and relative rarity of limestone facies. Dalton also proposed two 
reference localities: Asbestos Creek and Bright Angel Creek. Dalton’s study 
encompassed nine sections throughout Grand Canyon: Hance Rapids, Asbestos Creek, 
Clear Creek, Bright Angel Creek, Phantom Creek, South Kaibab Trail, Crystal Creek, 
Shinumo Creek, and Tapeats Creek. For the study, 185 thin sections were made and 
written descriptions of petrography for each section were produced, though samples are 
now lost. Dalton classified the Bass Formation into six main facies (Table 1). 
 
Table 1. Summary of 6 major facies of Bass Formation from Dalton (1972) 
 
 
Dalton (1972) developed two depositional models (Fig. 6) to describe Bass 
Formation facies and stratigraphy. The first depositional model for the Bass Formation is 
a relatively shallow flood plain or delta along a linear shoreline, in which a transgression 
occurs, followed by a regression. The second depositional model suggests a shoreline 
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with an embayment, which may or may not have been restricted. This second 
model attempted to explain the evaporite deposits and the lack of conglomerates farther 
west in the canyon. Dalton favored the latter of the two depositional models. 
 
 
Fig. 6. Depositional models I and II for the Bass Formation (Dalton, 1972). See text for 
explanation. 
Timmons et al. (2001, 2005) completed an in-depth study of the Unkar Group and 
Bass Formation in the early 2000s. He contributed new geologic mapping and cross 
sections of the Unkar Group, and studied the Bass Formation at many of Dalton’s 
localities and an additional three localities (Vishnu Canyon, Bass Canyon, and Galloway 
Creek). As part of his study, five new sections were measured (two sections in Vishnu 
Canyon: east and west sides of monocline, two sections in Bass Canyon: east and west of 
Bass monocline, and one section in Galloway Creek). Timmons (2005) also visited and 
measured section at three localities that Dalton had previously studied (South Kaibab 
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Trail, Crystal Creek, and Bright Angel Creek). He drafted stratigraphic 
columns for localities in Dalton’s study using Dalton’s petrographic descriptions (Hance 
Rapids, Asbestos Creek, Clear Creek, Bright Angel Creek, Phantom Creek, Shinumo 
Creek, and Tapeats Creek) (Fig. 7). Of special importance was the furthering of Bass 
geochronology by obtaining a U-Pb ID-TIMS zircon date of 1254.8  1.6 Ma in a 
reworked tuff near the base of the Bass Formation (Fig. 8). He also determined that the 
Bass Formation was syntectonically deposited (as evidenced in thickness and facies 
changes across monoclinal structures) and proposed carbonate deposition within shallow 
marine conditions in a back-arc epeiric seaway.
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Fig. 8. Concordia Plot for 1254.8 ± 1.6 Ma age from Timmons (2005). 
Building on the work of Timmons, Mulder (2017) analyzed detrital zircon, 
muscovite, and biotite ages in the Unkar Group and correlative units in southwestern 
Laurentia. In regard to his work on the Bass Formation, he constrained the Bass-Hakatai 
tectonostratigraphic package to 1255-1230 Ma using detrital zircon spectra of sandstone 
units from both formations. Mulder et al. (2017) also proposed the depositional and 
tectonic model for widespread shallow water carbonate sedimentation in an extensive 






2.1. Field Work 
The Bass Formation comprises dolostone, limestone, sandstone, shale, and 
conglomerate, including the basal Hotauta Conglomerate Member, which only occurs in 
the eastern outcrops in Grand Canyon (Dalton, 1972; Timmons, 2004). Western sections 
are sometimes incomplete and altered by the diabase sill (hornfelsic). The Bass 
Formation is gradationally overlain by the Hakatai Shale. The Bass Formation occurs 
predominantly as a red-to-brown cliff, whereas the Hakatai Shale appears as a bright 
orange-red slope. The Hakatai Shale is lithologically less heterogeneous than the 
underlying Bass Formation and, as such, an additional characteristic of the Bass-Hakatai 
contact is uppermost occurrence of dolostone and/or stromatolites in the Bass Formation 
(Dalton, 1972). 
The six localities that were evaluated in this study (Fig. 9; Table A.2 for UTM 
Coordinates) are Hance Rapids (river mile 77), Vishnu Canyon (river mile 81), Clear 
Creek (river mile 84), South Kaibab (river mile 87.5), Bright Angel Creek (river mile 88), 
and Bass Canyon (river mile 107). These sections were chosen due to good exposure, 
abundant carbonate layers for isotopic work, and accessibility by trail or boat. Each 
section was measured using a jacob staff, described lithologically, and carbonate facies 
were sampled on a decimeter scale for isotopic analyses. The Bass Formation is 60-100 
meters thick. Measured sections for this study are 60-100 meters thick but include partial 
sections. Approximately 30-100 carbonate samples per section were collected. The Hance 
Rapids locality (river mile 77; 60 meters thick) is accessible by boat, directly below 
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Hance Rapids on river right (‘river right’ and ‘river left’ are determined as one 
travels in the downriver direction). Across from this section on river left is a significant 
outcrop of the Hotauta Conglomerate Member. The Vishnu Canyon locality (river mile 
81; 72 meters thick) is accessible by boat on river right by hiking about two miles up 
Vishnu Canyon. Some upclimbs on waterfalls are needed and ropes can be useful; at 
times they are necessary. The Clear Creek locality (river mile 84; 57 meters thick) is 
accessible from the Phantom Ranch area via the Clear Creek Trail, about 9 miles up the 
trail. The Bright Angel Creek locality (river mile 88; 76 meters thick) is accessible from 
the Phantom Ranch area via the North Kaibab Trail, about 3.5 miles past the intersection 
of Bright Angel Creek and Phantom Creek. At this locality, the Bass Formation is 
exposed on the east and west sides of Bright Angel Creek. Accessing the west side 
requires crossing Bright Angel Creek, which is only recommended during times of low 
flow (this section could only be accessed during our October visit). The Bass Canyon 
locality (river mile 107; 95 meters thick) is accessible by boat, on river right across from 
Bass Canyon (Bass Canyon is on river left) by hiking about a quarter of a mile up the 
North Bass Trail. This section is also accessible by hiking down the North Bass Trail 




Fig. 9. Bass Formation Localities: Generalized map of field area in Grand Canyon. The Unkar Group is indicated in orange and 
section localities marked by yellow circles. Locations sampled were 1) Hance Rapids (RM 77), 2) Vishnu Canyon (RM 81), 3) Clear 






2.2. Lab Procedures 
Rocks were initially slabbed using a water-based saw and then microdrilled using 
a Dremel® tool and diamond tip drill bit. Samples were collected of carbonate 
phases with care to avoid heterogeneity, fractures, veins, or silicification. 
Carbonate rock powders were analyzed for carbon and oxygen stable isotope ratios at the 
USU Department of Geology Stable Isotope Laboratory by continuous flow – isotope 
ratio mass spectrometry (CF-IRMS) using a Thermo Scientific Delta V Advantage IRMS. 
Samples were delivered to the IRMS via a Thermo Scientific ConFlo IV interface using 
on-line preparation with a Thermo Scientific Gasbench II. Approximately 100 ± 20 g 
of sample and standards were weighed and analyzed. Samples were placed into a 
50C reaction tray and flushed with high purity helium. After samples and 
standards were flushed, approximately 0.1 mL of phosphoric acid was added to 
each vial and allowed to react at 50C. Limestone samples were reacted for a 
minimum of 2 hours (McCrea, 1950) and dolostone samples were reacted for a 
minimum of 12 hours based on in-house equilibration experiments. International 
standards (NBS-19, NBS-18, and LSVEC) and well-characterized in-house 
standards (YULE-120 and YULE-80) were used to calibrate measurements to the 
Pee Dee Belemnite (PDB) scale and to make drift and linearity corrections, 
respectively. Carbon and oxygen stable isotope ratios are reported using delta 
notation in per mil (‰). A two-point calibration was used on replicate standards of 
NBS-19 (13C and 18O), NBS-18 (18O), and LSVEC (13C) international standards 
(Kim et al., 2015). A fractionation factor of 1.00937 was used for calcite and 1.01081 for 
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dolomite in order to calibrate 18O values of dolomite (Kim et al., 2015 and 
references therein). Analyses were performed by Erin Lathrop. 
Six homogeneous carbonate rock powders were analyzed for strontium isotopes at 
the Radiogenic Isotope Lab in the Earth and Planetary Sciences Department at the 
University of New Mexico. Small, visually dense and homogeneous pieces of sample 
were cut using a rock saw. Mottled textures, veins, fractures, or alteration bands were 
avoided. Rock chips were washed with tap water, etched with 3% acetic acid, then 
crushed into a rough powder with a ceramic mortar and pestle. Powders were dissolved in 
10 mL of 1N acetic acid on a hot plate at low heat for three hours. Once samples had 
cooled, two drops of 15 N nitric acid were added to beakers. If a sample reacted, it was 
placed back onto the hot plate for one-hour increments until it no longer reacted with 
newly added nitric acid. This process determined the amount of insoluble residue left 
over after complete carbonate dissolution. Samples were then centrifuged for four 
minutes at 2800 rpm. After centrifuging, the remaining liquid was transferred into 
beakers and insoluble residue was left in centrifuge tubes. Liquid in beakers was then 
dried over a hot plate. Once dry, 40 drops of 7N nitric acid was added to beakers. If any 
visible residue remained in the solution, the sample was dried again and 40 drops of 6N 
HCL were added to the beaker. This was repeated until the sample was clear. After this, 
samples were re-dried and 40 drops of 7N nitric were re-added. Half of the solution was 
extracted and prepared for 87Sr/86Sr analysis using Sr-spec column chemistry. The 
remaining solution was transferred into a 250 mL bottle and prepared for inductively 
coupled mass spectrometer (ICPMS) elemental analysis by adding approximately 200 mL 
of 3% 10 ppb nitric acid. Insoluble residue was dried and weighed to determine the 
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amount of carbonate in each sample, as well as to make dilution calculations 
used for elemental analyses. 
Elemental analyses were completed on a Thermo X-series II ICPMS, calibrated 
against concentration standards. Strontium isotopic compositions were measured with a 
Thermo Neptune multi-collector ICPMS in static mode. Sr standard NBS-987 was run 
with each batch obtaining the accepted 87Sr/86Sr values within error of 0.710253 +/- 
0.000008 (n=28). Typical internal errors were about 6 ppm (2). All Strontium analyses 
were performed by Jordan Anderson at the University of New Mexico. 
Thin sections were generated by Wagner Petrographic Inc. An average of five 
thin sections were initially produced for the main facies from Hance Rapids and from 
Bass Canyon localities and 18 thin sections were produced for the remaining facies from 
different measured sections. A total of 28 standard thin sections and 4 oversize thin 
sections were produced. 
2.3. Data Analysis 
2.3.1. General Methods  
Measured sections in this study were compared to sections from Timmons (2004; 
Fig. 7) for similarities and differences in thickness and lithology. Some sections from 
Timmons (2004) were interpreted from written descriptions from Dalton (1972)). 
Petrographic descriptions were performed and microfacies determined. Oxygen-isotope 
values combined with petrography were used as a diagenetic reference. Fabrics that 
indicated diagenetic alteration were not sampled for isotopic analyses and 18O values 
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that were less than -10 ‰ were flagged as suspect (Knoll et al., 1995) and 
considered more carefully, comparing 13C values of a particular sample to those 
immediately above and below it stratigraphically. Transmitted light microscopy of thin 
sections of samples was used to help understand the primary versus diagenetic origin of 
isotopic values by identifying and drilling multiple fabrics in samples with suspected but 
uncertain levels of alteration. 87Sr/86Sr values from the Bass Formation were compared to 
other Mesoproterozoic 87Sr/86Sr records in order to assess whether the Bass Formation 
record is indicative of global Mesoproterozoic seawater and to attempt to connect ocean 
chemistry to a broader tectonic picture. Regionally correlative units from southwestern 
Laurentia and other Mesoproterozoic units around the globe were considered when 
making facies and isotopic comparisons. 
2.3.2. Markov Chain Analysis 
In order to determine facies associations, statistical Markov Chain Analysis was 
utilized. Outlined in Lumsden (1971) is a process by which the memory of a sequence of 
facies can be quantified. “Memory”, in this sense, is a property of a sequence comprising 
elements whose states are not entirely independent of the states of preceding elements. 
The memory of a sequence is quantified as the sum of squared errors between the 
elements of two tables: the first table is called the Transition Count Array, and is 
constructed such that the value of cell (i, j) is the number of times that facies ‘i’ is 
observed to transition into facies ‘j’; the second is the Expected Frequency Array, 
wherein cell (i, j) contains the number of times facies ‘i’ might be expected to transition 
into facies ‘j’, based exclusively on the count of each facies. The chi-squared difference 
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between the values in the Transition Count Array and the values in the 
Expected Frequency Array should be very small when facies frequency is the controlling 
factor in the occurrence of transitions (e.g. facies X is likely to transition into facies Y 
simply because facies Y is common). Otherwise, when a facies transition occurs more or 
less than simple chance would suggest (i.e. when “memory” is present), the chi-squared 
difference increases. The chi-squared threshold that is suggested to imply memory 
increases as a function of the degrees of freedom associated with the subject dataset. 
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3. RESULTS AND INTERPRETATIONS 
3.1. Facies Descriptions and Interpretation 
The Bass Formation is heterolithic, especially the lower portion of the unit. 
Therefore, the most fundamental facies subdivisons were based solely on lithology. Eight 
main facies were identified in this study, with an additional five hybrid facies where two 
or more of the main facies are intimately interbedded. It is possible to subdivide the 
facies further (e.g., laminated dolomite vs. massive dolomite vs. laminated limestone), 
however, to maintain a reasonable number of facies, it was not necessary to make further 
subdivisions for the purposes of this study. Facies determinations were made using a 
combination of outcrop information, cut billets, and thin sections. Facies identification 
proved difficult because not only are lithologies interbedded, but also the evaporite and 
diamictite facies typically have chaotic fabrics and/or incorporate other facies. Facies are 
summarized and interpreted in Table 2. Following the table are short paragraphs 
describing additional special features observed within facies. See Appendix D for field 
photographs and Appendix E for photomicrographs. 
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Table 2. Bass Formation Facies 





Boundstones with domal or conical stromatolites, or 
wavy algal laminations, silty dolostones, 
dolomicrite, dolomitic intraclastic grainstone to 
packstone. Typically white to gray to tan. Less 
typically pink to red to purple. Chert nodules and 
stringers common (gray to black to orange in color). 
Intraclastic breccia includes clasts of dolostone, is 
sparsely distributed in massive and discontinuous 
units, and typically maroon to purple to blue-gray. 
 
Massive to laminated. Thin carbonate 
drapes occur in higher parts of sections, 
interbedded with sandstones and 
siltstones. Conical and domal 
stromatolites (2-5 cm synoptic relief), 
often incorporating silica-replaced 
calcispheres/Calcitarcha. ‘Double conical 
stromatolite’ bed used as marker unit 
between western sections. 
Intertidal to 
subtidal 
Limestone Boundstones with domal stromatolites, conical 
stromatolites, or wavy algal laminations. Typically 
white to gray. Chert lenses and nodules common 
(gray to black in color).  
Massive to laminated. Only present at 
Bass Canyon locality and base of Hance 
Rapids locality. Very similar to dolomite 
facies, yet limestone in composition. 
Intertidal to 
subtidal 
Evaporite Some silica-replaced, typically include dolomicrite 
and/or transported allochems/coated grains, 
evaporite textures include fitted 
fragments/autoclastic breccias, nodular to chicken 
wire, and collapsed pisoids (indicating evaporate 
nuclei). Typically pink to purple to white. 
Massive to thinly bedded. Collapsed 




Shale/Mudstone Some mudstones are dolomitic to calcareous. 
Typically red to brown to less typical purple to 
green to yellow to gray. 
Massive to very thinly bedded. 










Facies Description Sedimentary Structures / Bedding Interpretation 
Siltstone Most siltstone is dolomitic to calcareous. Typically 
purple to maroon to bright red. Less typically gray to 
brown. White siltstone occurs at Bass Canyon 
Massive to thinly bedded. Meter-thick 
intervals. Tool and prod marks, some 
mudcracks and symmetrical ripplemarks. 
Massive siltstone beds in lower part of 




flat to lagoon 
Sandstone Fine- to coarse-grained sandstone. Compositions 
include arkosic arenite, litharenite, and subarkosic 
arenite. Typically maroon to brown to light pink to 
green. 
Massive, sometimes planar bedding, 
trough crossbedding (20-50 cm in height), 
symmetrical ripplemarks noted at all 
localities but Bass Canyon, wave ripples, 




Conglomerate Clasts of granite, metaquartzite, bull quartz, chert, 
carbonate, sandstone, shale, and other lithics, 
granule to cobble, subrounded to rounded. 
Interbedded with sandstone within broad 
channelforms (up to 1 meter in height). Typically 
red to maroon. 
Basal Hotauta Conglomerate 
member/facies and higher conglomerate 
(addition of carbonate clasts), massive, 







Chaotic fabric, whispy mud chips and rip-ups, some 
diamictites have ripped up conical stromatolites 
redeposited as clasts. Typically red to purple. 





Above eight facies were categorized as interbedded when time or section accessibility necessitated (e.g., interbedded sandstone, siltstone, and thin 






3.1.1. Dolostone Facies 
The dolostone facies is dominantly stromatolitic with associated intraclasts and 
appears at all sections throughout the basin. Bedding is typically massive (Fig. E.1) to 
laminated (Fig. E.1). Stromatolites present are domal with 2-5 cm synoptic relief (Fig. 
D.2), conical (Fig. D.3; Fig. D.4; Fig. D.5), or wavy laminated. Stromatolites (most often 
ones that are silicified) include calcispheres/Calcitarcha (Kaźmierczak and Kremer, 2005; 
Versteegh et al., 2009) within laminations (Fig. E.2). Composition of dolostone varies 
from dolomitic boundstones, silty dolostones, dolomicrite, to dolomitic intraclastic 
grainstone to packstone. This facies is similar to the boundstone facies of Dalton (1972) 
and our environmental interpretation (intertidal to subtidal) agrees with Dalton’s 
interpretation for equivalent facies (shelf to supratidal). The ‘double conical stromatolite’ 
bed (Fig. E.2) in conjunction with the collapsed pisoid bed (Fig. E.3) was used as marker 
unit between western sections. The double conical stromatolite bed refers to a marker unit 
in which one generation of conical stromatolites grew, followed by a brief hiatus with 
crystalline carbonate deposition, and then finally, another generation of conical 
stromatolites attempted to grow over this layer. Refer to Table A.3 for facies present at 
each section. Dalton (1972) suggests that the dolostone composition that is prevalent in 
the Bass Formation was caused by penecontemporaneous hypersaline brines. This is 
consistent with the presence of evaporites. 
3.1.2. Limestone Facies 
The limestone facies has massive to laminated bedding (Fig. E.1) and is often 
stromatolitic. It is notable that limestone is only present at Bass Canyon locality and at 
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the base of the Hance Rapids locality (near diabase intrusion). All textures, including 
stromatolites, are very similar to those found in the dolostone facies. This facies is the 
most similar to the boundstone facies of Dalton (1972). Our interpretation of the 
depositional environment (intertidal to subtidal) is consistent with Dalton’s interpretation 
of the equivalent facies (shelf to supratidal). 
3.1.3. Evaporite Facies 
Evaporites are massive to thinly bedded, sometimes replaced by silica and 
typically include dolomicrite or transported allochems/coated grains (Fig. E.3). Evaporite 
textures present include fitted fragments/autoclastic breccias (Fig. D.12; Fig. E.3), 
nodular to chicken wire (Fig. E.3), and collapsed pisoids (Fig. D.11; Fig. E.3). Coated 
grains could indicate deposition within the strandline (Warren, 2016). Collapsing of 
pisoids indicates evaporitic nuclei that were removed prior to, and leading to, compaction 
(Flügel, 2004). Authigenic idiomorphic quartz crystals have also been noted, which are 
found in carbonates affected by saline or hypersaline pore waters (Flügel, 2004). The 
collapsed pisoid bed was used in conjunction with ‘double conical stromatolite’ bed as 
mark unit for western sections. Environmental interpretation is supratidal. Dalton (1972) 
also reports the presence of evaporitic textures (collapse breccias and an occurrence of 
gypsum pseudomorphs).  
3.1.4. Shale/Mudstone Facies 
The shale to mudstone facies is massive to very thinly bedded (Fig. D.13) and 
sometimes dolomitic or calcareous. The sedimentary structures observed in 
shale/mudstone facies, including interference ripples, mudcracks (Fig. D.15), and 
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syneresis cracks, are typically found in the upper part of sections, and suggest deposition 
in a relatively low energy environment to sufficiently deposit silt- and clay-sized 
particles, and also in an environment that allowed intermittent exposure of the sediments 
to develop mudcracks, most likely a tidal flat to lagoon. Red shales associated with 
conglomerates and sandstones could represent overbank mud deposits. 
3.1.5. Siltstone Facies 
Siltstone is massive to thinly bedded (Fig. E.4) and occurs in meter-thick 
intervals. Sedimentary structures observed include symmetrical ripplemarks, mudcracks, 
and tool and prod marks. The presence of ripplemarks and tool marks is suggestive of 
moderate current, and the mudcracks require an exposure of the sediments to air. This 
relatively low energy and shallow water environment was intermittently exposed, similar 
but not entirely consistent with Dalton’s description of argillaceous units, as Dalton 
interprets these to be deep water deposits. It is permissible that there are two siltstone 
facies, one representing shoreline deposition and the other representing deposition in 
relatively deeper water. 
3.1.6. Sandstone Facies 
The sandstone facies is characterized by massive to planar bedding and is fine- to 
coarse-grained. Sandstone compositions include arkosic arenite, litharenite, and 
subarkosic arenite (Fig. E.4). The presence of trough crossbedding (20-50 cm in height), 
symmetrical ripplemarks (Fig. D.14; noted at all localities except Bass Canyon), 
mudcrack casts (Fig. D.18), and low amplitude broad channels suggest deposition in a 
shallow marine environment to exposed area, likely within a deltaic system that was, in 
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part, wave effected (Miall, 2016). Dalton (1972) recognized a higher percentage of quartz 
and lithic sandstone in the eastern sections, as opposed to the western sections where 
sandstone clasts are a mixture of quartz, lithics, and allochems. 
3.1.7. Conglomerate Facies 
The conglomerate facies includes the basal Hotauta Conglomerate Member (Fig. 
D.21) and higher conglomerate units. Higher conglomerates have similar composition as 
the Hotauta Member, with the addition of carbonate clasts. Clasts comprise granite, 
metaquartzite, bull quartz, chert, carbonate, sandstone, shale, and other lithics. It is 
typically granular to cobble-sized and subrounded to rounded. Trough crossbedding is 
present at some localities. This facies often occurs interbedded with sandstone within 
broad channelforms (up to 1 meter in height; Fig. D.19). Considering the bed geometries, 
the clast size, and the exotic nature of some of the clasts, the depositional environment 
was likely the most proximal to a land source. Considering facies associations, it is likely 
this indicates a delta plain to delta front environment. Dalton (1972) also recognized 
localized channel fills with mixed micritic and siliceous clasts and interpreted them to 
indicate a shallow marine environment where gravels were reworked by marine currents. 
3.1.8. Diamictite and/or Soft Sediment Deformation Facies 
The diamictite and/or soft sediment deformation facies occurs as massive and 
irregular deposits. The fabric is chaotic and intrabasinal rip-up clasts are common (for 
example, in Clear Creek, the diamictite units have ripped up conical stromatolite heads 
re-deposited as clasts; Fig. D.24). This facies indicates deposition in an environment with 
relatively unstable steeper slopes and/or high-energy currents that could affect the 
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carbonate shelf. This is consistent with Timmons et al. (2005)’s interpretation that Bass 
deposition was accompanied by tectonism. This is based on 1) abrupt thickness changes 
of facies across monoclinal structures, 2) mixed breccia, basement conglomerate, and 
carbonate facies within olistostromal units; and 3) observed slump features.  
3.1.9. Interbedded Facies 
The above facies sometimes occur in thick interbedded sections. The most 
common of the interbedded facies is interbedded sandstone, siltstone, and thin carbonate 
beds (Fig. D.13). This interbedded facies occurs in the upper portions of the sections, 
above the second conglomerate, and includes very thin (mm-scale) carbonate drapes that 
were very often too thin be sampled for isotopic analyses. 
3.2. Markov Chain Analysis 
Data limitations precluded the statistically meaningful application of Markov 
Chain Analysis to the stratigraphic sequences recorded in this study. A robust chi-squared 
test, requires that no expected frequency be less than 1, and that few should be less than 5 
(Cochran, 1954). The number of possible facies transitions is n ∙ (n-1), where n is the 
number of defined facies. The number of transition observations must be 5 times this 
number in order to have an Expected Frequency Array populated by cells with an average 
value of 5. The 198 facies transitions observed across all stratigraphic columns described 
in this study are not enough to meet this requirement imposed by the 13 defined facies  
(5 ∙ (13 ∙ (13 –1)) = 780, resulting in an average expected transition count of 1.27). This 
problem could be remedied by a meaningful reclassification of these measured sections 
into a significantly lower number of facies, or by a fourfold increase in the number of 
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observed transitions. In the case of this study, reclassification into a significantly lower 
number of facies is not possible without revisiting all localities and simply increasing the 
number of observed transitions would require visiting new localities. 
Table 3. Markov Chain Analysis Data. A) Transition Count Array table and B) Expected 
Transitions (Frequency) Array table. 
 
3.3. Physical Stratigraphy, Facies Distribution, and Paleogeographic Interpretation 
Facies that appear at all sections are dolostone, siltstone, and diamictite and/or 
soft sediment deformation/breccia facies. Sandstone facies appear at all sections, but the 
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Bass Canyon locality only has localized sandstone at the very base of the section. See 
Table A.3 for facies present at each locality. 
Generally, all sections can be separated into two distinct packages. The lower 
package typically begins with a conglomerate and is followed by an interval of mixed 
carbonate, evaporite, siltstone, and diamictite, all of which express some level of soft-
sediment deformation (Fig. 10). The upper package also begins with a conglomerate and 
is overlain by interbedded siltstone, sandstone, and carbonate drapes. The basal 
unconformity of the upper package is used as a datum for correlation. Additional physical 
marker units used for correlation include a conical stromatolite bed, a double-conical 
stromatolite bed, and a collapsed pisoid bed, all which occur in the lower package. A 
generalized composite stratigraphic column for the Bass Formation utilizes maximum 
thicknesses for each facies (Fig. 10). More specifically, there are changes in what facies 
are present at each locality. The Hotauta Conglomerate is present at eastern localities, and 
does not significantly occur west of the Clear Creek section. The basal conglomerate of 
the upper sequence is present at all localities except Bass Canyon (western-most locality). 
Limestone is only present at Hance Rapids near the base of the section and at Bass 
Canyon locality, likely due to the intrusion of a diabase sill. Evaporite facies are present 
at all sections except Hance Rapids. Shale is present at Hance Rapids, Clear Creek, and 
Bright Angel Creek localities. Upper interbedded sandstone, siltstone, and thin carbonate 
beds are present at all localities except Bass Canyon, where upper interbedded portions 
tend to be dominantly dolomitic siltstone and thin carbonate beds. Carbonates and 
siliciclastic facies interfinger with one another. Thickness of facies vary from one locality 
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to the next and from multiple measured sections at single localities (See Appendix Fig. 
B.1 to Fig. B.9). 
Fig. 10. Bass Formation composite stratigraphic column. 
3.4. Carbon and Oxygen Isotope Data 
δ13C and δ18O data presented in Table A.4 and summarized in Table 4. See 
Appendix Fig. C.1 to Fig. C.8 for isotopic plots. 
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Table 4: Summary of δ13C and δ18O data per locality 
Locality δ13C (PDB ‰)  δ18O (PDB ‰) Figure # 
Hance Rapids -0.38 to 1.86 -15.20 to -5.05 Fig. 12 
Vishnu Canyon -0.29 to 4.38 -11.71 to -1.84 Fig. 14 
Clear Creek west 0.49 to 3.56 -10.20 to -6.70 Fig. 15 
Clear Creek east 1.18 to 3.21 -10.23 to -4.72 Fig. 16 
South Kaibab Trail -0.38 to 3.87 -9.63 to -3.86 Fig. 17 
Bright Angel Creek east 0.99 to 4.35 -10.51 to -2.18 Fig. 18 
Bright Angel Creek west 1.78 to 4.80 -16.45 to -2.30 Fig. 19 
Bass Canyon -0.12 to 4.66 -15.23 to -1.90 Fig. 20 
 
A general trend of ~3.5 to 4.0 ‰ is seen in the lower part of most sections. A 
decline to ~2.0 ‰ is then seen up section. This trend is most clearly seen at Vishnu 
Canyon, Clear Creek, and Bright Angel Creek localities. Trends from Hance Rapids and 
South Kaibab Trail localities appear to be variably affected by diagenesis, as they have 
anomalously low δ13C and δ18O values (Knoll et al., 1995). Comparison of δ13C and δ18O 
co-variation was used via cross-plot (Fig. 11), as co-variation can be a sign of diagenetic 
alteration or resetting due to increased temperature that occurs with burial (Knoll et al., 
1995; Shields and Veizer,1992). Extremely negative δ18O values can indicate an 
interaction with later meteoric fluids, although this does not necessarily mean δ13C values 
are also altered (Veizer and Hoefs, 1976; Knoll et al., 1995). Relatively high, co-varying 
δ13C and δ18O values are suspect and could be due to a restricted environment, where 
fluids recirculate and cause isotopic values to become more positive (Kah, 2000). 
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Fig. 11. 13C versus 18O Crossplot, all localities. Carbonate facies delineated by 
different symbols. Note that there is no discernable trend between specific carbon and 
oxygen isotope values. 
Proximity to the diabase sill intrusion could have affected certain isotopic values, 
as seen at the base of the Hance Rapids locality and upper portions of the Bass Canyon 
locality. At the base of the Hance Rapids locality, δ13C values approach and surpass 0 ‰ 
in the negative direction, while corresponding δ18O values reach -15.0 ‰, a value which 
suggests diagenetic alteration (Knoll et al., 1995). Stratigraphically higher at the Hance 
Rapids locality, δ13C values fall between 0 – 2.0 ‰ with corresponding δ18O values 
between -5.0 and -10.0 ‰, more reasonable values for samples showing a primary 
signature (Knoll et al., 1995 suggests δ18O values  -10 ‰ (PDB)). At the Bass Canyon 
locality, uppermost carbonate samples have δ13C values that approach 0 ‰, a lower value 
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than is seen in other sections and could indicate diagenetic alteration near the diabase sill. 
However, these same samples have corresponding δ18O values around -9.2 to -9.6 ‰, 
which does not necessarily suggest alteration. Likewise, at the Clear Creek west locality 
(also in close proximity to the diabase sill), the stratigraphically highest δ13C values 
similarly approach 0 ‰, but have corresponding δ18O values around -9 to -10 ‰. 
Repetition of these δ13C and δ18O values at multiple sections, especially localities 
spatially distant from one another could show that this is a primary signal. 
3.5. Isotope Stratigraphy 
3.5.1. Hance Rapids (River Mile 77) 
δ13C and δ18O values from Hance Rapids originate from limestone and dolostone 
facies (Fig. 12). Limestone samples at the base of the Hance Rapids section appear to be 
altered, due to relatively negative δ13C and δ18O values corresponding with/near the 
diabase intrusive and reflecting values not immediately seen up section at any locale. 
Stratigraphically higher stable isotope values are modest, ranging from ~1.0 to 1.7 ‰. 
When graphed as a δ13C versus δ18O crossplot (Fig. 13a.), values above the base of the 
section do not follow a consistent trend. Due to the paucity of potentially unaltered data 




Fig. 12. Hance Rapids stratigraphy and isotopes 
41 
 
Fig. 13. (a-h). δ13C vs. δ18O crossplots at individual localities. 
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3.5.2. Vishnu Canyon (River Mile 81) 
δ13C and δ18O values from Vishnu Canyon originate from dolostone and evaporite 
facies (Fig. 14). While the lower evaporite samples have a broadly positive δ13C trend, 
corresponding δ18O values do not co-vary. Upper evaporite samples also follow a broadly 
positive δ13C trend, but values are similar to dolostone samples near and stratigraphically 
above the evaporite unit. When graphed as a δ13C versus δ18O crossplot (Fig. 13b), values 
do not exhibit a clear trend. Isotopic values from Vishnu Canyon were included in our 
composite isotope curve. 
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Fig. 14. Vishnu Canyon stratigraphy and isotopes 
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3.5.3. Clear Creek, west of creek (River Mile 84) 
δ13C and δ18O values from Clear Creek west originate from dolostone and 
evaporite facies (Fig. 15). The majority of samples at this locality are dolostone, while 
one sample is evaporitic. δ13C values from the lower part of the section show a broad 
trend ranging from ~4.0 ‰ to ~2.0 ‰, but it should be noted that in the lower ~4.0 ‰ 
group, n = 1. δ18O values do not show significant co-variation with δ13C in stratigraphic 
plot. When graphed as a δ13C versus δ18O crossplot (Fig. 13c), samples from Clear Creek 
west show a general co-variation of δ13C and δ18O values in the positive direction, which 
could indicate an evaporitic environment (Kah, 2000). However, samples in the middle of 
the trend show a variation of δ18O values for similar δ13C data values, indicating they 




Fig. 15. Clear Creek (west) stratigraphy and isotopes 
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3.5.4. Clear Creek, east of creek (River Mile 84) 
δ13C and δ18O values from Clear Creek east originate solely from dolostone facies 
samples (Fig. 16). When plotted stratigraphically, δ13C and δ18O values seem to co-vary, 
which could be suggesting an evaporitic signature. When graphed as a δ13C versus δ18O 
crossplot (Fig. 13d), samples from Clear Creek east show a general co-variation of δ13C 
and δ18O values in the positive direction. However, similar to Clear Creek west, samples 
in the middle of the trend show a variation of δ18O values for similar δ13C data points, 
indicating they could be primary. Isotopic values from Clear Creek east were included in 
our composite isotope curve. 
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Fig. 16. Clear Creek (east), stratigraphy and isotopes 
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3.5.5. South Kaibab Trail (River Mile 87.5) 
δ13C and δ18O values from South Kaibab Trail originate from dolostone, 
evaporite, and transported allochems facies (transported allochems is part of evaporite 
facies, but plotted with different symbol to look for trends). When plotted 
stratigraphically (Fig. 17), δ13C values have a wide fluctuation and a scattering of values. 
Higher portions of the section have δ13C values that approach ~0 ‰. It should be noted 
that these more negative δ13C values correspond to samples that appeared to be possibly 
altered in hand sample. When graphed as a δ13C versus δ18O crossplot (Fig. 13e), samples 
from South Kaibab Trail show a general co-variation of δ13C and δ18O values in the 
positive direction. Due to field observations and suspected alteration, isotopic values 
from South Kaibab Trail were not included in our composite isotope curve. 
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Fig. 17. South Kaibab Trail, stratigraphy and isotopes 
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3.5.6. Bright Angel Creek, east of creek (River Mile 88) 
δ13C and δ18O values from Bright Angel Creek east originate from dolostone, 
limestone, evaporite, and transported allochems facies samples (Fig. 18). When plotted 
stratigraphically, δ13C and δ18O values show a broad correlation in the positive direction 
in evaporitic and transported allochem samples in the lower part of the column. These 
generally seem to co-vary, which could be suggesting an evaporitic signature, however, a 
few interbedded dolostone samples have similar values along this portion of the curve, 
and δ18O do not always co-vary positively with δ13C. When graphed as a δ13C versus 
δ18O crossplot (Fig. 13f), samples from Bright Angel Creek east do not show any 
significant trends indicating significant diagenetic alteration. Isotopic values from Bright 
Angel Creek east were included in our composite isotope curve. 
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Fig. 18. Bright Angel Creek (east), stratigraphy and isotopes 
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3.5.7. Bright Angel Creek, west of creek (River Mile 88) 
δ13C and δ18O values from Bright Angel Creek west originate from dolostone, 
evaporite, and transported allochems facies samples (Fig. 19). When plotted 
stratigraphically, δ13C and δ18O values do not show broad co-variation between isotopic 
values. When graphed as a δ13C versus δ18O crossplot (Fig. 13g), no significant trends 
indicating significant diagenetic alteration emerge. Isotopic values from Bright Angel 
Creek west were included in our composite isotope curve. 
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Fig. 19. Bright Angel Creek (west), stratigraphy and isotopes 
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3.5.8. Bass Canyon (River Mile 107) 
δ13C and δ18O values from Bass Canyon originate from limestone, dolostone, 
evaporite, and transported allochems facies samples (Fig. 20). When plotted 
stratigraphically, δ13C values near the lower part of the section seem to have two positive 
trending groups, though facies from that section are not exclusively evaporitic and δ18O 
do not seem to co-vary with δ13C values as one would expect from an evaporitic 
signature. δ13C values near the middle part of the section vary from 2.4 to 3.6 ‰, without 
any clear trends or co-variation. δ13C values near the top part of the section vary from 
1.27 to 1.4 ‰, without any clear trends or co-variation, though the sample size is small 
(n= 4). δ13C values from the topmost group of samples at Bass Canyon approach 0 ‰, 
but have corresponding δ18O values that are similar to groups stratigraphically below 
them. It should be noted that the topmost samples are all categorized as allochem facies 
samples and n=3. When graphed as a δ13C versus δ18O crossplot (Fig. 13h), samples from 
Bass Canyon do not show significant trends between isotopic values and exhibit a 
multitude of δ18O values corresponding to similar δ13C values. Isotopic values from Bass 
Canyon were included in our composite isotope curve, though a few outliers with 
particularly negative δ18O values are disregarded. 
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Fig. 20. Bass Canyon, stratigraphy and isotopes. Plotted values were collected from 2015 
and 2016 sections and are stratigraphically tied through marker units. 2016 and 2017 
sections are lined up using double conical stromatolite and collapsed pisoid bed marker 
units. Section starting positions are approximately 150 meters apart. Refer to Fig. B.9 and 
Fig. C.8 for larger stratigraphic columns and isotope plots. 
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3.6. Intrabasinal Correlation and a Composite Bass 13C curve 
Intrabasinal correlation for the Bass Formation is possible using facies patterns, 
marker units, and isotope curves (Fig. 21). Overall, two fining upward packages exist, 
with the top package containing dominantly siliciclastics and showing fewer facies. In the 
upper sequence of the Bass Formation, carbonate beds decrease in both thickness and 
abundance. Correlations between sections were made using the lower and upper 
conglomerate units, double conical stromatolite and broken pisoid beds, and single 
conical stromatolite bed. Correlation was challenging due to the number of facies present 
at each section, the presence of irregular subaqueous mass flow deposits in all sections, 
and thickness variations. These are likely due to syn-depositional tectonism, such as 
thickness changes over monoclinal structures as documented by Timmons et al. (2005).
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Fig. 21. Intrabasinal Facies and Isotope Correlation. Refer to Fig. 10 for lithologic key and sedimentary symbols. Bottom dotted teal 
line marks first appearance of ‘true’ carbonate bed. Purple line indicates double conical stromatolite marker unit. Red dotted line 
indicates upper package with upper conglomerate unit. Black line indicates approximate position of change from more 





Fig. 22 is a composite δ13C (‰) plot comprising data from six measured 
stratigraphic sections: Vishnu Canyon, Clear Creek west, Clear Creek east, Bright Angel 
Creek east, Bright Angel Creek west, and Bass Canyon. These sections were selected for 
their stratigraphic coverage and for the sharing of common datums with which they could 
be tied together. A plot of δ13C (‰) versus elevation above a single datum (e.g. the 
bottom of a measured section) can be normalized with respect to two reference datums, 
such that the elevation value of a given data point is expressed not as an absolute 
distance, but as its fractional distance between this lower and upper datum. The fractional 
distance of a point relative to two datums is given by 𝑧𝑓 =
𝑧−𝑧𝑎
𝑧𝑏−𝑧𝑎
, where Z is the elevation 
of the point, Za is the elevation of the lower datum, and Zb is the elevation of the upper 
datum. A data point between these datums would have a value between 0 and 1; one 
entirely above, >1; one entirely below, <0. So normalized, multiple plots can be 
meaningfully superimposed on one another (Verdel et al., 2011). Unfortunately, no two 
consistently recognizable datums appear on all six sections, but each section contains 
some combination of at least two out of the same three. Thus, they could all be 
normalized and superimposed, if not in one step. The lower datum, common to all five 
sections is the point on an isotopic column where values shift from ~4.0 ‰ down to ~2.0 
‰. The upper datum, appearing on all sections but Clear Creek west, is the double 
conical stromatolite marker unit. The data that appear on Fig. 22 have been normalized to 
these two datums. Though the double conical stromatolite marker unit is not observed at 
Clear Creek west, a ‘ping-pong-ball bed’ of small domal stromatolites is well defined at 
both Clear Creek west and Clear Creek east, so Clear Creek west can nonetheless be 
normalized into the same space as the other sections. 
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Fig. 22. Bass Formation composite isotope curve. Six sections were used to construct 
composite curve. Normalization based on stratigraphic and isotopic datum points (see 
text for details). Gray outline indicates general trend of Bass Formation δ13C. Lower 
portions of the Bass Formation have δ13C values that range from 2-4 ‰. There is a steady 
decrease in values, punctuated by one brief increase. Higher in the Bass Formation, 
values continue to decrease and range from 0 – 2 ‰. 
There are two main trends that emerge in the Bass Formation composite isotope 
curve. The first trend is δ13C values that range from 2 – 4 ‰ in the lower sequence of the 
Bass Formation. These δ13C values then decrease to less than 2 ‰ higher up in the 
section, with one brief increase of a few per mil, before dropping to near 0 ‰ values. 
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3.7. 87Sr/86Sr Data  
87Sr/86Sr data are presented in Table 5. Samples analyzed for 87Sr/86Sr are from 
two localities, Hance Rapids and Bass Canyon. It is important to note that samples 
analyzed for strontium isotopes from Hance Rapids were sampled in 2015 (and have 
sample names beginning with ‘CMD-15-77’). Therefore, stratigraphic measurements do 
not directly correspond to our stratigraphic column. However, δ13C and δ18O analyses 
were run for all samples, and can be compared to strontium values. Hance Rapids 
samples were taken from 0.5 and 0.6 meters above base of section. It should be noted that 
this is near the diabase intrusion. 




Samples analyzed from the Bass Canyon locality for strontium in 2015 can be tied 
into our stratigraphic column through marker units (and have names beginning with ‘T-
15-107’). Bass Canyon localities were taken from 21.5, 40.5, and 69.5 meters above the 
base of 2015 section. These meter marks can be tied to our 2016 section by adding 11 





4.1. Bass Formation Stratigraphy 
4.1.1. Vertical Stratigraphic Trends 
The two 10-meter-scale fining-upward cycles identified within the Bass 
Formation show similarities and differences. Both cycles begin with a basal basement-
clast conglomerate indicating fluvio-deltaic deposition, and, in some cases, the 
conglomerate is associated with diamictite generated by mass flow. The clast-supported 
conglomerate in both cycles is overlain by progressively finer-grained units. The lower 
cycle shows a transition to carbonate units, indicating a transition into relatively deeper 
water and a microbial-influenced carbonate environment, before shallowing to a fine-
grained clastic-dominated tidal flat environment indicated by mud drapes, ripple marks, 
and mud cracks. The upper cycle shows the clast-supported conglomerate fining upward 
into sandstone and siltstone with abundant shallow water and desiccation features. 
Weakly developed stromatolites are present in the upper cycle. The Hakatai Shale 
conformably overlies the Bass Formation, and represents a continuation of dominantly 
marginal marine to tidal flat environment (Reed, 1976), continuing the pattern observed 
in the Bass Formation. Within the lower of the two cycles, conical stromatolites within 
carbonate facies indicate a deepening, to below fair weather wave base (James and 
Dalrymple, 2010). Subaqueous mass flow deposits with ripped up clasts of conical 
stromatolites suggest that the mass flows were sourcing these stromatolites below wave 
base and ultimately were deposited downslope of the stromatolite environment. Overall, 
this lower cycle shows a deepening followed by a shallowing of water depth. The contact 
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between the lower and upper cycles is sharp and overlain by the second conglomerate, 
indicating a shoreward shift in facies to an emergent delta feeding into a carbonate 
supratidal system. The upper package is more siliciclastic than the lower package and 
suggests either a lower amplitude change in sea level or an increase in siliciclastic input, 
which could be related to tectonics or climate at the time. 
4.1.2. Lateral Stratigraphic Trends 
The lateral distribution of facies within sections allows a broad two-dimensional 
paleogeographic interpretation. Coarser-grained clastic facies are more prevalent in the 
eastern sections, suggesting high energy fluvio-deltaic deposition was confined to the 
eastern part of the exposed basin. Abundant siltstone and carbonate in the western 
localities are consistent with lower energy deposition in a shallow marine environment. 
The presence of evaporites, dominantly in the lower sequence, suggests restriction of the 
marine environment for at least some part of Bass time. 
Dalton (1972) also recognized east-west changes in facies such as an increase in 
the amount of carbonates (especially stromatolites and cherty carbonates) to the west and 
an increase in coarser grained clastic units to the east. Similarly, he recognized that a 
clastic sediment source must lie to the east based on size, roundness, and an increase in 
the percentage of quartz grains in sandstone units in the eastern sections. He recognized a 
fluctuating shoreline environment, characterized by movement in a dominant east-west 
direction (Dalton, 1972). 
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4.2. Depositional Model for the Bass Formation 
The Bass Formation represents a peritidal environment, occasionally punctuated 
by the input of fluvial-deltaic and mass flow deposits (Fig. 23). The deepest water 
deposits of the Bass Formation include conical stromatolites and subaqueous mass flow 
deposits, which incorporate conical stromatolites and are not associated with 
conglomerates. Intertidal deposits include domal stromatolites and symmetrical ripple 
marks. Supratidal deposits include extensive algal mats indicated by tabular cryptalgal 
carbonates and exposure indicated by desiccation cracks, collapsed pisoids, and 
evaporitic textures. One oddity that must be addressed is the presence of collapsed 
pisoids near a marker bed of conical stromatolites. This could be explained by delivery of 
pisoids into the basin, where the evaporitic centers were subsequently dissolved and the 
pisoids collapsed. It is also possible the conical stromatolites were deposited in deeper 
water behind a pisoid-bearing shoal barrier. Either way, it is obvious that the pisoids were 
crushed in situ, evidenced by the lack of small broken pieces indicating transport and the 
proximity of pieces that fit together. 
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Fig. 23. Generalized block diagram depositional model for Bass Formation. Syn-
depositional monocline development shows a thickening of strata across structures. 
Sedimentary structure symbols same as Fig. 10 and all stratigraphic columns. Regional 
westward thickening is likely caused by subsidence related to the arc collision to the east. 
Dalton (1972) suggested two depositional models for the Bass Formation (Fig. 6), 
the main difference between the two models being that one showed a linear open ocean 
shoreline and the other contained a possible embayment, which could allow for 
restriction and evaporite deposition. Dalton (1972) also suggested that the lower Bass 
Formation represents a marine transgression, at first interrupted by periods of regression 
and subaerial exposure (as evidenced by limited and unconformably bounded deposits of 
the Hotauta Conglomerate). This transgression then fully developed and allowed for 
carbonates to be deposited. Lastly, Dalton (1972) suggests that the upper Bass Formation 
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represents a regression, with evaporites (seen in collapse breccias) and an increase in 
shallow water sedimentary structures (mudcracks and ripple marks) as compared to the 
lower section. 
Timmons (2004, 2005) discussed the importance of tectonics on Bass Formation 
deposition. Timmons recognized that the Bass Formation overall thickens to the west, but 
also discovered important thickness and facies changes at specific localities. These 
localized variations are associated with monoclines and indicate that the sediment was 
deposited during monoclinal development. The regional westward thickening of the Bass 
Formation likely indicates subsidence caused by the docking of a continental arc to the 
east (see Mulder et al., 2017). 
Both sea level and tectonics were influencing Bass sedimentation. Like Dalton 
(1972), we explain the fining upward cycles to be controlled by changes in sea level and 
prefer Dalton’s second model of a restricted or intermittently restricted shallow marine 
environment with terrestrial influence. We also support the role of tectonism on Bass 
Formation deposition based on the local thickness changes and the presence of 
subaqueous mass flow deposits associated with a variety of different facies. 
4.3. Regional Isotopic Correlations 
The Bass isotopic record shows potential correlation with southwestern Laurentia 
(modern-day California, Arizona, Texas) strata as well as successions in northeastern 
Laurentia (New York) and Russia. In light of recent geochronologic constraints on 
Mesoproterozoic carbonate successions, many units that were hypothesized to be 
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correlative with strata of Bass age are either younger (e.g., Artic Canada (Gibson et al. 
(2017)) or have poor age constraints (e.g., Siberia; Bartley et al., 2001). The limited 
number of carbonate-bearing units of this age makes developing regional and global 
carbon-isotope curves challenging, yet underscores their importance in understanding the 
carbon cycle and biology of this time period. 
 
4.3.1. Middle Crystal Spring Formation 
The Middle Crystal Spring Formation is located in Death Valley, California 
(approximately 450 kilometers map distance from the Bass Formation in Arizona), and is 
140-650 meters thick (Fig. 24). It comprises stromatolitic dolomite and siliciclastic units 
derived from the south (Roberts, 1982; Mahon et al., 2014; Mulder et al., 2017). The 
Middle Crystal Spring is intruded by a 1087  3 Ma diabase (Heaman and Grotzinger, 
1992). The Lower Crystal Spring is constrained to < 1320 Ma using youngest populations 
of detrital zircons, which provides a maximum age constraint for the Middle Crystal 
Spring (Mulder et al., 2017). Wrucke (1966, 1989) correlated the Middle Crystal Spring 
Formation to the Bass Formation based on lithologic similarities and diabase intrusions. 
Moon (2015) suggested that the Bass Formation is similar in lithology to the Crystal 
Spring grit and Crystal Spring purple mudstone units of the Lower Crystal Spring 
Formation. Moon (2015) analyzed carbon and oxygen stable isotope values for three 
localities (Saratoga Springs, Alexander Hills, and Kingston Peak), although only the 
Alexander Hills data were used for a global correlation due to suspected diagenetic 
alteration of values at other locations due to an interaction with a diabase sill (Fig. 24). 
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Moon (2015) reports carbon stable isotope values that are in excess of 6.5 ‰ (PDB) at 
the Alexander Hills locality, with a variation of more than 6 ‰ (PDB). These higher δ13C 
values and a variation of 6 ‰ (PDB) are unusual for Mesoproterozoic carbonates, and 
could indicate a later alteration event or an evaporitic setting. Stratigraphically higher in 
the Middle Crystal Spring succession, values steadily decrease from ~ 3 ‰ to between 0 
to 2 ‰, a signature which is similar to the Bass Formation. 
 
Fig. 24. Stratigraphy, δ13C, and δ18O of the Middle Crystal Spring Formation. Alexander 
Hills locality, Death Valley, California (after Moon, 2015). 
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Based on lithologic and stromatolitic similarities, it is possible that the Crystal 
Spring sandy dolostone (CSO) and/or Crystal Spring stromatolitic dolostone (CSS) units 
of the Middle Crystal Spring are correlative to the Bass Formation (Fig. 24), rather than 
the Lower Crystal Spring units suggested by Moon (2015). Baicalia and Conophyton 
stromatolites are reported in the CSS unit and the Bass Formation also contains conoform 
stromatolites. The CSO unit of the Middle Crystal Spring has δ13C values that increase 
steadily from ~2 ‰ up to 6 ‰. Although the Bass Formation does not contain δ13C 
values as high as 6 ‰, both formations contain higher isotopic values in the lower portion 
of sections and show a general increase in δ13C values. The CSS unit of the Middle 
Crystal Spring has more modest δ13C values between 0 and 2 ‰ (PDB), which are 
similar to upper Bass isotopic values. 
 
4.3.2. Mescal Limestone 
The Mescal Limestone (of the Apache Group) is located in central and southern 
Arizona (approximately 250 kilometers map distance from the Bass Formation in Grand 
Canyon), and has a thickness of ~130 meters. The age of the Mescal Limestone is 
constrained to 1256 – 1100 Ma, using youngest populations of detrital zircons in the 
underlying Dripping Springs Formation (Mulder et al., 2017) and a diabase intrusion of 
1100 Ma (Wrucke, 1989 and references therein). This age constraint is similar to that of 
the Bass Formation. The Mescal Limestone is divided into two members: a lower chert-
rich member and an upper algal member (Fig. 25). The lower chert-rich member 
comprises interbedded thinly laminated dolomite and chert-rich dolomite layers and the 
upper algal member comprises massive stromatolite biostromes interbedded with thin 
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laminated dolomite (Shride, 1967; McConnell, 1975; Skotnicki and Knauth, 2007). 
Coniform stromatolites are preserved in regions where the Mescal is silicified, which is a 
similar morphology and mineralogy to stromatolites found in the Bass Formation 
(Bertrand-Sarfati and Awramik 1992; Skotnicki and Knauth, 2007). The Mescal 
Limestone is interpreted to indicate a shallow intracratonic sea, with subtidal, intertidal, 
and coastal sabkha environments (Wrucke, 1989). Carbon and oxygen stable isotope 
work on the Mescal Limestone has resulted in δ13C values ranging from 2.3 to 3.7 ‰ 
(PDB) in the lower Mescal and 0 to 2.8 ‰ (PDB) in the upper Mescal (Beeunas and 
Knauth, 1985; Fig. 25). The Mescal Limestone was correlated to the Bass Formation by 
Wrucke (1989) based on lithologic similarities and intrusion by diabase. Both the Mescal 
Limestone and the Bass Formation have carbonate rocks with hopper-shaped salt molds, 
brown to red dolomites, stromatolites, features suggestive of solution, infilling, and 
replacement, and intercalated silty mudstone, dolomitic mudstone, and dolomite 
(Wrucke, 1989). Isotopically, the Mescal Limestone and the Bass Formation are also 
similar. Both units display δ13C values that range from ~ 2 to 4 ‰ in lower sections, with 
values decreasing to between 0 and 2 ‰ in upper sections. These isotopic similarities are 
another piece of evidence that correlate the Mescal Limestone and the Bass Formation. 
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Fig. 25. Stratigraphy, δ13C, and δ18O of the Mescal Limestone (after Beeunas and 
Knauth, 1985). 
4.3.3. Allamoore Formation 
The Allamoore Formation (~350 meters thick) is located in west Texas (Van 
Horn) and is approximately 900 kilometers map distance away from the Bass Formation 
in Grand Canyon. This unit comprises massive and cherty carbonates, stromatolitic 
dolostone, mudstone, chloritic basalt, talc/phyllite (Edwards, 1984). It also includes felsic 
tuffs dated between 1250 +16/-24 Ma (U-Pb zircon; Roths, 1993), 1253  15 Ma (U-Pb 
zircon; Bickford et al., 2000), and 1256  5 Ma (U-Pb zircon; Bickford et al., 2000). 
These dates provide some overlap with the Bass Formation, but could also indicate that 
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Allamoore Formation deposition predates the Bass Formation. The interpreted 
depositional setting for the Allamoore Formation is an intertidal to supratidal 
environment with a thick sequence of dolostones characterized by silicified algal 
stromatolites (Stratifera, Tungussia, and Conophyton) (Edwards, 1984), which is similar 
to the Bass Formation. 
Unpublished data from Kah and Bartley from the Allamoore Formation show 
carbon stable isotope variation between 0 and 3.34 ‰ (PDB) and oxygen stable isotope 
variations between -19.37 and -8.81 ‰ (PDB) (Fig. 26; Table A.5). While δ13C trends in 
the Allamoore Formation are similar to those found in the Bass Formation, δ18O values in 
the Allamoore Formation are much lower. Generally, δ13C values in the Allamoore 
Formation increase from ~ 2 ‰ (PDB) to just under 4 ‰ (PDB) in the lower section, 
followed by a decrease to values that vary between 0 and 2 ‰ (PDB) in the upper 
section. This is a similar trend to that found in the Bass Formation. A crossplot of δ13C 
versus δ18O values (Fig. 27) suggest that the Allamoore Formation has δ13C values that 
could contribute to the global Mesoproterozoic carbon curve. Sr/Ca vs. Mn and Mn vs. 
δ18O plots were considered for the Allamoore Formation (Fig. 28a-b). While the Sr/Ca 
vs. Mn plot (Fig. 28a) shows a trend that could be explained by increased interaction with 
fresh, meteoric, or mixed-waters (Kah, 2000), the Mn vs. δ18O plot (Fig. 28b) does not 









Fig. 27. δ13C vs δ18O crossplot for Allamoore Formation isotope values (Kah and Bartley, 
unpublished data). Note that there is no discernable trend between carbon and oxygen 
isotope values, which could indicate a lack of severe diagenetic alteration.  
 
Fig. 28. Elemental analyses as diagenetic indicators for the Allamoore Formation (Kah 
and Bartley, unpublished data). a.) Sr/Ca vs. Mn (ppm) shows a trend which could be 
explained by increased interaction with fresh, meteoric, or mixed-waters, b.) Mn (ppm) 




4.3.4. Castner Marble 
 The Castner Marble is located in the Franklin Mountains of west Texas, near El 
Paso, and is ~200 kilometers map distance from the Allamoore Formation and ~700 
kilometers from the Bass Formation in Grand Canyon. The Castner Marble has a 
thickness of up to 320 meters. A metatuff in the Castner Marble has a reported age of 
1260  20 Ma (U-Pb zircon; Pittenger et al., 1994; corroborated by Bickford et al., 2000), 
which provides overlap with Bass Formation deposition but also could indicate that the 
Castner Marble was deposited prior to the Bass Formation. The Castner Marble 
comprises six metamorphosed lithologies: stromatolitic limestone, cryptalgalaminite, 
massive limestone, hornfels (mudstone and tuff), rhythmite, and flat-pebble conglomerate 
(Pittenger et al., 1994). Pittenger et al. (1994) divide the Castner Marble into three 
sections (lower, middle, upper). The lower section comprises stromatolitic and 
cryptalgalaminite units, the middle comprises thick hornfels and massive limestone beds, 
and the upper comprises rhythmites (interlaminated to thinly interbedded carbonate and 
hornfels) with interbedded flat-pebble conglomerate. Domal and Conophyton-like 
stromatolites are present, which are similar to stromatolites found in the Bass Formation. 
The interpreted depositional environment for the Castner Marble is a low-energy 
carbonate ramp (shallow subtidal to intertidal deposits) during a transgressive event 
(Pittenger et al., 1994 and references therein). Pittenger et al. (1994) analyzed one 
carbonate sample per facies for δ13C, δ18O, and 87Sr/86Sr values (Table 6). δ13C values for 
the Castner Marble are near 0 ‰, values which Pittenger indicates are a primary signal, 
however, δ18O values are relatively negative and may indicate alteration.87Sr/86Sr values 
in the Castner Marble range from 0.70594 to 0.70776 while Bass Formation 87Sr/86Sr 
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values range from 0.7066 to 0.7081. Pittenger (1994) interprets the Castner Marble 
87Sr/86Sr values as marine in origin, showing primary seawater composition. Bartley et al. 
(2001) argues that late Mesoproterozoic seawater 87Sr/86Sr rose to values as high as 
0.7060 – 0.7065 and then decreased to < 0.7053, as seen in Siberian sections. Pittenger’s 
Castner Marble findings fall within this range, indicating that it might be representative 
of seawater. Taking the lowest 87Sr/86Sr value for the Bass Formation as approximating 
seawater chemistry, the Bass Formation’s value of 0.7066 is similar to some of Bartley’s 
higher values. Although δ13C values from Pittenger et al. (1994) are much lower than 
those found in the Bass Formation, 87Sr/86Sr values are similar, with only one value 
(0.70594) lower than those typical of the Bass Formation. Lower δ13C values near 0 ‰ in 
the Castner Marble could indicate either that this unit is older than the Bass Formation 
(having isotopic values more typical of mid-Mesoproterozoic units; e.g., Buick et al., 
1995; Chu et al., 2007), or that the Castner Marble has been diagenetically altered and no 
longer shows a primary signature. 







LCM-1 Stromatolite -0.2 -10.1 0.70658 
LCM-4 Cryptalgalaminite -0.1 -11.6 0.70647 
UCM-27 Rhythmite -0.6 -14.1 0.70776 
UCM-46 Flat pebble 0.6 -12.4 0.70594 
 
 Unpublished data from Kah and Bartley (Table A.5) from the Castner Marble 
show a carbon stable isotope variation similar to those found by Pittenger et al. (1994), 
with slightly more negative δ18O values (Fig. 29). A crossplot of δ13C versus δ18O values, 
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in tandem with extremely low δ18O values suggest that the Castner Marble has undergone 
alteration and values may not be primary (Fig. 30; some δ18O values are < -15 ‰; e.g., 
Knoll et al., 1995; Kah, 2000). Therefore, the Castner Marble likely cannot contribute to 
the global Mesoproterozoic carbon curve. Sr/Ca vs. Mn and Mn vs. δ18O plots were 
considered for the Castner Marble (Fig. 31), although neither the Sr/Ca vs. Mn plot nor 
the Mn vs. δ18O plot show distinct trends to indicate interaction with specific water 
bodies. 
 





Fig. 30. δ13C vs δ18O crossplot for Castner Marble isotope values (Kah and Bartley, 
unpublished data). CB Samples are stratigraphically lower than CA samples. Note the 
relatively negative δ13C and δ18O values in some of the CA samples, which could indicate 
diagenetically altered values (Knoll et al., 1995). 
 
 
Fig. 31. Elemental analyses as diagenetic indicators for Castner Marble, a.) Sr/Ca vs. Mn 
(ppm), b.) Mn (ppm) vs. δ18O (‰, PDB) (Kah and Bartley, unpublished data). Neither 
plots show significant trend to indicate interaction with specific type of water body. 
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4.3.5. Debaca Sequence 
Dolomite-bearing units in the lower part of the subsurface Debaca Sequence in 
New Mexico and west Texas are hypothesized as correlative to the Bass Formation 
(Timmons et al., 2005; Mulder et al., 2017). Yet, the Debaca Sequence lacks 
stromatolitic-bearing units that are common in the rest of the southwest Laurentian units. 
The Debaca Sequence (up to ~2350 meters) comprises weakly metamorphosed gabbro, 
hornfels, a sedimentary-volcanic sequence (tuffaceous sandstone, rhyolite, quartz-rich 
dolostone, dolomitic quartzite, and arkose units), quartz syenite to diorite, and granite 
(Amarante, 2001; Amarante et al., 2005). The Castner Marble and Allamoore Formation 
are hypothesized to be the equivalent outcrop exposures of the Debaca Sequence (Barnes 
et al., 2002; Amarante et al., 2005). No carbon and oxygen stable isotopic data have been 
published on the subsurface Debaca Sequence. 
4.4. Isotopic correlation of Southwest Laurentian Basins 
In order to test for a regional isotopic signature, correlation of lithologies and δ13C 
isotopic signatures from the Middle Crystal Spring Formation, Allamoore Formation, 
Castner Marble, Mescal Limestone, and Bass Formation were considered (Fig. 32).  The 
Middle Crystal Spring Formation, Mescal Limestone, Bass Formation, and Allamoore 
Formation have similar patterns with values of ~ 4 ‰ (or higher, in the case of the 
Middle Crystal Spring Formation) in lower sections, followed by a decrease to values 
between 0 and 2 ‰ in upper sections. The Castner Marble does not show a similar 
pattern to other units and most likely represents diagenetic alteration.
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Fig. 32. Southwestern Laurentian Mesoproterozoic units and carbon stable isotope curves, organized by location from northwest to 
southeast. Note the Middle Crystal Spring Formation, Bass Formation, and Mescal Limestone have higher isotope values (up to ~ 4 
‰) in lower portion of sections, and a subsequent decrease in upper sections. This pattern is not seen in the Castner Marble but is 





4.5. Depositional and Tectonic Setting of Southwest Laurentian Basins 
The overall depositional environment of these southwestern Laurentian basins 
suggests regional mixed siliciclastic-carbonate deposition whereby siliciclastic sediment 
was derived from the continent and feeding a shallow to restricted marine carbonate 
system in a tectonically active setting (Dalton, 1972; Timmons, 2004; Amarante, 2005; 
Timmons et al., 2005). This is consistent with Mulder et al.’s (2017) model that suggests 
these sediments were accumulating in a broad retroarc basin system up to thousands of 
kilometers from the arc front. 
4.6. Extra-Continental Correlation 
4.6.1. Upper Marble Unit, Grenville Supergroup 
The Upper Marble unit of the Grenville Supergroup in the Adirondack Lowlands 
is accessible via drill core obtained near Balmat, New York. The Upper Marble has been 
well studied due to economic interests, and is carefully divided into 16 units (Brown and 
Engel, 1956). Detrital zircon analyses have provided a maximum depositional age of 
1254.6 ± 21.2 Ma, obtained from Unit 4 within the Upper Marble (Chiarenzelli et al., 
2017). This is considered to be a close estimate of depositional age, due to a scarcity of 
1.24 – 1.22 Ga zircons and the identification of a 1207 Ma intrusion that cross-cuts  
deformed Grenville Supergroup strata (Chiarenzelli et al., 2010; Chiarenzelli et al., 
2015). These maximum age ranges indicate that the Upper Marble unit of the Grenville 
Supergroup could be time correlative to the Bass Formation, or could have been 
deposited prior to Bass Formation time. 
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The Upper Marble unit is ~ 1000 meters thick and comprises clastics, shallow-
water carbonates, and evaporites. Unit 4 of the Upper Marble exhibits silicified layering 
interpreted as stromatolitic domes (Isachsen and Landing, 1983). This unit is interpreted 
as having been deposited in a periodically restricted basin, formed in response to far-field 
stresses related to the Elzevirian Orogeny (Chiarenzelli et al., 2017). A carbon and 
oxygen stable isotope study resulted in δ13C values from -3.7 to 5.1 ‰, though the most 
common δ13C values range from -0.7 to 3.7 ‰ (Fig. 33; Whelan et al., 1990). A study on 
87Sr/86Sr of the Upper Marble resulted in values that average 0.70592 ± 35, and are 
interpreted to be marine in origin (Table 7; Hoff, 1984). These δ13C and 87Sr/86Sr values 
in the Upper Marble unit are similar to the range of values seen in the Bass Formation 
and other southwest Laurentian units. The lithologic heterogeneity in the Upper Marble is 





Fig. 33. Generalized stratigraphy, δ13C, δ18O, and 87Sr/86Sr of the Grenville Supergroup 
Upper Marble (from Whelan et al., 1990 and Hoff, 1984). Unit 3 and Unit 14 have δ13C 
excursions of ~ 4 ‰, similar to those seen in the Bass Formation. Unit 3 has 87Sr/86Sr 
values near 0.7065, similar to the 0.7066 lowest value of the Bass Formation. 
Table 7. 87Sr/86Sr data from Upper Marble unit of Grenville Supergroup (from Hoff, 
1984) 
Sample Type 87Sr/86Sr Source 
Calcitic Marble 0.7053 – 0.7061 Hoff (1984) 
Dolomitic Marble 0.7053 – 0.7071 Hoff (1984) 
Anhydrite 0.7052 – 0.7054 Hoff (1984) 
Calcitic Marble? 0.7057 – 0.7064 Maher (1981) 




4.6.2. Avzyan Formation, Southern Urals, Russia 
The Avzyan Formation is located in the Southern Urals, Russia, and is divided 
into five members: Kataskin, Malo Inzer, Ushakov, Kutkur, and Revet members. The 
Avzyan Formation has poor age constraints. The Yurmatau Group, of which the Avzyan 
Formation is the youngest formation, is constrained to between 1348 and 1080 Ma 
(Bartley et al., 2007 and references therein). The Avzyan Formation itself is intruded by 
diabase dikes which yield dates of 1000 ± 20 Ma and 1080 ± 30 Ma (K-Ar) and has an 
early diagenetic glauconite age of ~1230 Ma (Keller and Chumakov, 1983). These age 
ranges provide overlap with the time of Bass Formation deposition, allowing for a 
comparison of Bass Formation data to test for a global signature. 
The Avzyan Formation comprises clastics and shallow-water carbonates, is ~1100 
meters thick, and interpreted as restricted to shallow-marine (Fig. 34).  Although similar 
in lithology to the Bass Formation, the Avzyan is significantly thicker and it is possible 
that only part of the Avzyan Formation is time correlative to the Bass Formation. δ13C 
values from the Avzyan Formation generally range from 0 to 2 ‰ (Table 8), with one 
excursion in the upper Kataskin Member of values that rise from 2 to 4.5 ‰, and one 
negative excursion in the Revet Member with values that reach down to -1.8 ‰. The 
upper Kataskin excursion is reminiscent of more positive δ13C values seen in the Bass 
Formation, and this member could be showing a similar signal to that seen in southwest 
Laurentia. However, it is possible that one or both units are showing a local, rather than 
global signature. 87Sr/86Sr analyses were completed on 15 samples in the Avzyan 
Formation, however the majority of these indicated diagenetic alteration (Bartley, 2007). 
One value in the lower part of the Kataskin member has an 87Sr/86Sr value of 0.70587, 
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which was considered to be an upper constraint on Mesoproterozoic seawater values. 
This value is slightly lower than those seen in the Bass Formation (the lowest value being 
0.7066), but similar to lowest values seen in the Upper Marble unit of the Grenville 
Supergroup (0.7053) and the Castner Marble (0.70594). 
Table 8. Isotopic Data for Avzyan Formation (Bartley et al., 2007) 
Member Locality δ13C (PDB) δ18O (PDB) 
Revet Avzyan -1.28 to 2.83 ‰ -7.70 to -1.42 ‰ 
Revet Kataskin -1.80 to 2.70 ‰ -5.39 to -1.25 ‰ 
Ushakov Kataskin 2.02 to 2.54 ‰  -12.19 to -5.04 ‰ 
Malo Inzer Avzyan 0.34 to 1.79 ‰ -11.58 to -5.86 ‰ 
Upper Kataskin Avzyan 1.00 to 4.49 ‰ -10.18 to -8.35 ‰ 
Upper Kataskin Kataskin 1.89 to 3.80 ‰ -10.88 to –7.15 ‰ 
Lower Kataskin Avzyan -0.58 to 2.11 ‰  -12.77 to -5.26 ‰ 





Fig. 34. Generalized stratigraphy, δ13C, and δ18O of the Avzyan Formation (from Bartley 
et al., 2007). Isotopic data available from two localities, Kataskin locality (triangles) and 
Avzyan locality (squares). δ13C excursion in the Upper Kataskin Member has similar 
values to that of the Bass Formation, with values rising from 2 to 4.5 ‰. 
4.7. Implications of Bass Formation data for the middle-late Mesoproterozoic Stable 
Carbon Isotope Curve and Carbon Cycle (1255-1230 Ma) 
The Bass Formation and southwest Laurentian correlatives may provide an ocean 
geochemical signature for ~1255-1230 Ma. Importantly, part of the in-progress 
Mesoproterozoic stable carbon isotope curve (e.g., Shields and Veizer, 2002; Kah et al., 
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2001; Kah et al, 2012) was generated from carbonate units that have since been more 
precisely dated and will need to be moved to appropriate parts of the curve. For example, 
the Bylot Supergroup and Canadian correlatives have now been dated to show that they 
are younger than originally analyzed (~1.05 Ga; Gibson et al., 2017). Carbon stable 
isotope data exists for Siberia (Turukhanask and Uchur-Maya regions; Bartley et al., 
2001) and does exhibit 4 ‰ variability in the lower Sukhaya Tunguska Formation and 
underlying Linok Formation, yet the age of these units is poorly constrained and so 
cannot be confidentially included. Using this revised geochronology, a new middle 
Mesoproterozoic (~1255-1230 Ma) carbonate-carbon-isotope dataset emerges, anchored 
by new Bass Formation data, and continues to show 4 ‰ variability (Fig. 35 and Fig. 36). 
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Fig. 35. Mesoproterozoic C-isotope curves including southwest Laurentian, northeast Laurentian, and Russian units and one possible 
correlation. Red dotted line connects values which approximate 4 ‰, orange dotted line connects curves where δ13C values decrease 







Fig. 36. A second possible correlation for southwest Laurentian, northeast Laurentian, and Russian units. Note that the Grenville 





There are multiple explanations for the increase in C-isotope variability at ca. 
1250 Ma that is seen in the Bass Formation. 
1) The southwestern Laurentian strata and the Grenville Supergroup were 
deposited in a retroarc basin related to the incipient culmination of Rodinia. During a 
supercontinent building event, it is likely that sedimentation and burial rates will increase. 
One consequence of increased burial is a subsequent increase in atmospheric oxygen. 
This would, in turn, oxidize sulfides (euxinic oceans, Knoll et al., 2006) and not only 
change the atmosphere, but create an ocean chemistry that is more hospitable for life. 
2) The middle Mesoproterozoic is an important time for stromatolites. Abundance 
and diversity are both at their peak in the Mesoproterozoic ca. 1250 Ma (Sheldon, 2013). 
This plethora of primary producers would preferentially remove 12C from the system at 
an increased rate. It should be noted that while this is a plausible explanation for short-
term C-isotope variations, long-term changes still require significant burial of organic 
matter (Des Marais et al., 1992). 
3) Evaporite facies are present in most of the middle Mesoproterozoic sections 
reviewed here. The + 4 ‰ variability, if global, could indicate a time of global aridity ca. 
1255-1230 Ma (e.g., Schmid, 2017). 
Further exploration and geochronologic studies on middle Mesoproterozoic strata 
are required to test the new middle Mesoproterozoic C-isotope dataset suggested herein. 
Based upon updated geochronology and newly incorporated C-isotope data, the ‘boring 
billion’ may not be so boring by 1250-1230 Ma
91 
5. CONCLUSIONS 
1) Facies in the Bass Formation are diverse, recording a shallow restricted marine 
environment fed by fluvial systems in a tectonically active setting. This is consistent with 
previous work on the Bass Formation (Dalton, 1972; Timmons et al., 2004; Mulder et al., 
2017). Although an evaporitic influence was determined by Dalton (1972) from the 
presence of breccias and gypsum psuedomorphs, this is the first report of crushed pisoids, 
also indicative of an evaporative environment. This is also the first report of conical 
stromatolites. 
2) Isotope correlation shows a general trend of ~4.0 ‰ in the lower part of the 
sections, declining to ~2.0 ‰ up section, in sections that are not considered to be 
diagenetically altered. Intrabasinal correlation was possible by integrating isotopic data, 
facies patterns, and marker beds. Marker beds that were used for correlation are a bed of 
‘double’ conical stromatolites that sits over a broken pisoid bed and a clast-supported 
conglomerate bed. 
3) Carbon stable isotope values from the Bass Formation that we interpret as least 
altered are similar to isotope values of other late Mesoproterozoic units of southwestern 
Laurentia including the Mescal Limestone, Middle Crystal Spring Formation, and 
Allamoore Formation (Beeunas and Knauth, 1985; Moon, 2015; Kah et al., 1999 and 
unpublished data from Kah and Bartley). The Bass carbon stable isotope curve also 
shares characteristics with carbon stable isotope curves from eastern Laurentia (Grenville 
Supergroup) and Russia (Avzyan Formation), such as periods of higher δ13C values near 
4 ‰. 
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4) The higher positive carbon stable isotope values recorded in the Bass 
Formation and correlative middle Mesoproterozoic strata are likely a result of a 
combination of several controls: a) increased photosynthesis from heightened primary 
production; b) increased carbon burial rates due to tectonic activity and clastic 
sedimentation associated with the incipient amalgamation of the supercontinent Rodinia; 
and c) extensive evaporative settings on multiple continents (possibly global). 
5) The Bass Formation can contribute to the global Mesoproterozoic carbon stable 
isotope curve during the 1255-1230 Ma interval. A paucity of data for this time period 
exists, making global comparisons difficult. Isotopic data from correlative units, in 
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APPENDIX A. DATA TABLES 
Table A.1. Geochronology of the Bass Tephra: U-Pb dating of zircons in reworked 
tephra found in the Bass Formation (Schmitz, unpublished data). These new ID-TIMs 
ages are consistent with the previously reported age of 1254.8  1.6 Ma (Timmons et al., 
2005). 
1239  1 Ma 
1248  2.5 Ma 
1251  2 Ma 
 
 
Table A.2. UTM Coordinates for Bass Formation Localities 
(Coordinates near base of where section was measured) 
Section River Mile UTM Coordinates 
Hance Rapids 
Vishnu Canyon 
Clear Creek (east) 
Clear Creek (west) 
South Kaibab Trail 
Bright Angel Creek (east) 










NAD 83, 12 S, 416499 m E, 3989556 m N 
NAD 83, 12 S, 411445 m E, 3991535 m N 
NAD 83, 12 S, 409091 m E, 3996249 m N 
NAD 83, 12 S, 409020 m E, 3996260 m N 
NAD 83, 12 S, 402130 m E, 3995357 m N 
NAD 83, 12 S, 403832 m E, 3999729 m N 
NAD 83, 12 S, 403778 m E, 3999854 m N 












Table A.4. Bass Formation δ13C (‰, PDB) and δ18O (‰, PDB) Data, samples in bold 
have 87Sr/86Sr data (Table 5). 
Sample Locality River Mile Metersa δ13C (‰, PDB) δ18O (‰, PDB) 
CMD-15-77-0.5c Hance Rapids 77 0.5 1.25 -8.54 
CMD-15-77-0.6 Hance Rapids 77 0.6 1.68 -7.04 
CMD-15-77-1.0 Hance Rapids 77 1.0 1.22 -7.95 
CMD-15-77-12.8 Hance Rapids 77 12.8 0.37 -7.41 
CMD-15-77-12.9 Hance Rapids 77 12.9 0.70 -7.88 
CMD-15-77-13.0 Hance Rapids 77 13.0 1.17 -9.70 
CMD-15-77-13.6 Hance Rapids 77 13.6 1.10 -7.93 
CMD-15-77-21.0 Hance Rapids 77 21.0 2.01 -10.92 
EL-16-77-0.4 Hance Rapids 77 0.4 0.13 -15.10 
EL-16-77-0.8 Hance Rapids 77 0.8 -0.38 -15.20 
EL-16-77-1.5b Hance Rapids 77 1.5 1.86 -7.82 
EL-16-77-6.0 Hance Rapids 77 6.0 1.68 -5.05 
EL-16-77-6.4 Hance Rapids 77 6.4 1.40 -7.29 
EL-16-77-6.9a Hance Rapids 77 6.9 1.09 -8.28 
EL-16-77-6.9b Hance Rapids 77 6.9 1.17 -7.05 
EL-16-77-19.1b Hance Rapids 77 19.1 1.28 -8.87 
EL-16-77-20.7 Hance Rapids 77 20.7 0.99 -7.48 
EL-17-77-0.4 Hance Rapids 77 0.4 1.22 -8.37 
EL-17-77-0.41 Hance Rapids 77 0.41 1.14 -8.10 
EL-17-81-15.0 Vishnu Canyon 81 15.0 3.32 -8.80 
EL-17-81-16.0 Vishnu Canyon 81 16.0 4.27 -9.27 
EL-17-81-18.0 Vishnu Canyon 81 18.0 4.38 -11.71 
EL-17-81-18.3 Vishnu Canyon 81 18.3 4.27 -8.09 
EL-17-81-22.5w Vishnu Canyon 81 22.5 2.38 -5.94 
EL-17-81-22.5p Vishnu Canyon 81 22.5 1.64 -6.06 
EL-17-81-23.3 Vishnu Canyon 81 23.3 3.00 -1.84 
EL-17-81-24.0 Vishnu Canyon 81 24.0 1.98 -4.86 
EL-17-81-24.0L Vishnu Canyon 81 24.0 1.65 -5.29 
EL-17-81-24.8 Vishnu Canyon 81 24.8 1.49 -7.51 
EL-17-81-25.2 Vishnu Canyon 81 25.2 1.53 -7.64 
EL-17-81-25.3 Vishnu Canyon 81 25.3 1.40 -8.49 
EL-17-81-26.1 Vishnu Canyon 81 26.1 1.46 -7.43 
EL-17-81-27.0 Vishnu Canyon 81 27.0 0.15 -7.49 
EL-17-81-32.0 Vishnu Canyon 81 32.0 1.50 -6.29 
EL-17-81-33.0 Vishnu Canyon 81 33.0 1.75 -7.47 
EL-16-84-4.5 Clear Creek east 84 4.5 3.21 -4.72 
EL-16-84-4.6a Clear Creek east 84 4.6 3.18 -5.16 
EL-16-84-4.6b Clear Creek east 84 4.6 2.97 -6.12 
EL-16-84-4.7 Clear Creek east 84 4.7 2.99 -6.67 
EL-16-84-7.5 Clear Creek east 84 7.5 2.04 -9.25 
EL-16-84-8.5 Clear Creek east 84 8.5 1.81 -8.28 
EL-16-84-9.0 Clear Creek east 84 9.0 1.85 -9.38 
EL-16-84-9.5 Clear Creek east 84 9.5 1.59 -9.37 
EL-16-84-10.0 Clear Creek east 84 10.0 1.90 -8.89 
EL-16-84-10.5 Clear Creek east 84 10.5 1.66 -9.78 
EL-16-84-11.0 Clear Creek east 84 11.0 1.71 -8.56 
EL-16-84-11.5 Clear Creek east 84 11.5 1.76 -9.49 
EL-16-84-12.0 Clear Creek east 84 12.0 1.18 -9.85 
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T-16-84-1.5 Clear Creek west 84 1.5 3.56 -6.70 
T-16-84-6.0 Clear Creek west 84 6.0 1.86 -9.12 
T-16-84-7.5 Clear Creek west 84 7.5 2.47 -8.53 
T-16-84-8.0 Clear Creek west 84 8.0 1.86 -9.66 
T-16-84-8.5 Clear Creek west 84 8.5 1.53 -8.92 
T-16-84-9.0 Clear Creek west 84 9.0 1.87 -9.27 
T-16-84-10.2 Clear Creek west 84 10.2 1.51 -8.41 
T-16-84-11.4 Clear Creek west 84 11.4 2.14 -8.55 
T-16-84-28.2 Clear Creek west 84 28.2 1.12 -9.28 
T-16-84-42.2 Clear Creek west 84 42.2 0.49 -10.20 
T-16-84-45.3 Clear Creek west 84 45.3 0.26 -8.94 
EL-16-87.5-8.0 South Kaibab Trail 87.5 8.0 1.29 -7.80 
EL-16-87.5-8.5 South Kaibab Trail 87.5 8.5 1.40 -7.32 
EL-16-87.5-9.2 South Kaibab Trail 87.5 9.2 3.87 -6.59 
EL-16-87.5-10.5 South Kaibab Trail 87.5 10.5 2.99 -6.93 
EL-16-87.5-11.0 South Kaibab Trail 87.5 11.0 2.73 -5.72 
EL-16-87.5-11.5 South Kaibab Trail 87.5 11.5 0.81 -7.96 
EL-16-87.5-12.0 South Kaibab Trail 87.5 12.0 3.59 -5.08 
EL-16-87.5-12.5 South Kaibab Trail 87.5 12.5 1.60 -7.11 
EL-16-87.5-15.0 South Kaibab Trail 87.5 15.0 3.28 -3.86 
EL-16-87.5-16.2 South Kaibab Trail 87.5 16.2 3.67 -5.25 
EL-16-87.5-17.2 South Kaibab Trail 87.5 17.2 0.00 -8.49 
EL-16-87.5-19.5 South Kaibab Trail 87.5 19.5 2.28 -7.40 
EL-16-87.5-20.0 South Kaibab Trail 87.5 20.0 1.12 -9.08 
EL-16-87.5-20.5 South Kaibab Trail 87.5 20.5  1.13 -9.63 
EL-16-87.5-21.0 South Kaibab Trail 87.5 21.0 1.03 -9.01 
EL-16-87.5-21.6 South Kaibab Trail 87.5 21.6 0.34 -8.86 
EL-16-87.5-22.1 South Kaibab Trail 87.5 22.1 -0.15 -8.38 
EL-16-87.5-22.7 South Kaibab Trail 87.5 22.7 0.13 -8.25 
EL-16-87.5-23.7 South Kaibab Trail 87.5 23.7 0.10 -8.87 
EL-16-87.5-24.0 South Kaibab Trail 87.5 24.0 0.07 -9.18 
EL-16-87.5-25.0 South Kaibab Trail 87.5 25.0 0.78 -8.10 
EL-16-87.5-26.0 South Kaibab Trail 87.5 26.0 -0.34 -9.19 
EL-16-87.5-27.5 South Kaibab Trail 87.5 27.5 0.19 -7.91 
EL-16-87.5-28.7 South Kaibab Trail 87.5 28.7 -0.38 -8.67 
EL-16-87.5-29.0 South Kaibab Trail 87.5 29.0 1.63 -9.34 
EL-16-87.5-29.4 South Kaibab Trail 87.5 29.4 -0.16 -8.34 
EL-16-87.5-29.9 South Kaibab Trail 87.5 29.9 -0.15 -8.41 
EL-16-87.5-31.0a South Kaibab Trail 87.5 31.0 0.29 -8.09 
EL-16-88-20.3a Bright Angel Creek east 88 20.3 3.59 -9.06 
EL-16-88-20.3b Bright Angel Creek east 88 20.3 3.53 -8.97 
EL-16-88-20.8 Bright Angel Creek east 88 20.8 3.04 -10.27 
EL-16-88-23.0 Bright Angel Creek east 88 23.0 3.26 -10.09 
EL-16-88-24.2 Bright Angel Creek east 88 24.2 4.28 -7.11 
EL-16-88-25.0 Bright Angel Creek east 88 25.0 3.28 -7.25 
EL-16-88-25.5 Bright Angel Creek east 88 25.5 3.54 -8.24 
EL-16-88-26.3 Bright Angel Creek east 88 26.3 4.16 -5.42 
EL-16-88-27.0 Bright Angel Creek east 88 27.0 4.35 -4.88 
EL-16-88-28.1 Bright Angel Creek east 88 28.1 4.21 -2.93 
EL-16-88-30.0 Bright Angel Creek east 88 30.0 3.92 -2.18 
EL-16-88-30.6 Bright Angel Creek east 88 30.6 2.56 -9.31 
EL-16-88-31.6 Bright Angel Creek east 88 31.6 2.29 -10.51 
EL-16-88-32.4 Bright Angel Creek east 88 32.4 2.37 -10.02 
EL-16-88-33.0 Bright Angel Creek east 88 33.0 2.44 -9.94 
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EL-16-88-33.2 Bright Angel Creek east 88 33.2 2.61 -9.82 
EL-16-88-34.5a-b Bright Angel Creek east 88 34.5 1.93 -7.48 
EL-16-88-34.5b Bright Angel Creek east 88 34.5 2.50 -9.70 
EL-16-88-35.8 Bright Angel Creek east 88 35.8 1.61 -6.13 
EL-16-88-38.5 Bright Angel Creek east 88 38.5 3.25 -5.11 
EL-16-88-39.2 Bright Angel Creek east 88 39.2 2.16 -9.90 
EL-16-88-39.9 Bright Angel Creek east 88 39.9 2.28 -7.05 
EL-16-88-41.3 Bright Angel Creek east 88 41.3 0.99 -8.41 
MP-16-88-17.35 Bright Angel Creek west 88 17.35 3.62 -8.60 
MP-16-88-18.0 Bright Angel Creek west 88 18.0 4.72 -8.94 
MP-16-88-19.5 Bright Angel Creek west 88 19.5 4.80 -8.97 
MP-16-88-20.8 Bright Angel Creek west 88 20.8 4.34 -7.30 
MP-16-88-21.0 Bright Angel Creek west 88 21.0 4.24 -5.91 
MP-16-88-23.2 Bright Angel Creek west 88 23.2 4.17 -3.53 
MP-16-88-23.35 Bright Angel Creek west 88 23.35 3.97 -5.36 
MP-16-88-24.5 Bright Angel Creek west 88 24.5 3.99 -6.10 
MP-16-88-24.99 Bright Angel Creek west 88 24.99 4.21 -5.09 
MP-16-88-25.28 Bright Angel Creek west 88 25.28 4.15 -5.17 
MP-16-88-27.75 Bright Angel Creek west 88 27.75 2.70 -10.02 
MP-16-88-28.0 Bright Angel Creek west 88 28.0 2.70 -8.09 
MP-16-88-28.5 Bright Angel Creek west 88 28.5 2.22 -10.51 
MP-16-88-29.0 Bright Angel Creek west 88 29.0 2.31 -10.49 
MP-16-88-29.5 Bright Angel Creek west 88 29.5 2.50 -8.42 
MP-16-88-30.3 Bright Angel Creek west 88 30.3 2.24 -9.33 
MP-16-88-30.5 Bright Angel Creek west 88 30.5 2.55 -8.62 
MP-16-88-31.5 Bright Angel Creek west 88 31.5 1.79 -10.76 
MP-16-88-32.5 Bright Angel Creek west 88 32.5 1.78 -6.80 
MP-16-88-35.0 Bright Angel Creek west 88 35.0 2.97 -4.92 
MP-16-88-36.2 Bright Angel Creek west 88 36.2 2.43 -5.86 
MP-16-88-JA Bright Angel Creek west 88 36.3 2.53 -5.92 
MP-16-88-JB Bright Angel Creek west 88 36.35 2.98 -4.40 
MP-16-88-JC Bright Angel Creek west 88 36.38 2.24 -5.40 
MP-16-88-JD Bright Angel Creek west 88 36.40 2.23 -4.29 
MP-16-88-JE Bright Angel Creek west 88 36.42 2.48 -2.30 
MP-16-88-36.87 Bright Angel Creek west 88 36.87 2.62 -8.33 
MP-16-88-37.1 Bright Angel Creek west 88 37.1 2.29 -7.81 
MP-16-88-37.5 Bright Angel Creek west 88 37.5 2.19 -8.29 
MP-16-88-38.2 Bright Angel Creek west 88 38.2 1.99 -8.78 
MP-16-88-39.0 Bright Angel Creek west 88 39.0 2.03 -9.59 
MP-16-88-39.5 Bright Angel Creek west 88 39.5 3.37 -5.07 
MP-16-88-41.1B Bright Angel Creek west 88 41.1 2.46 -6.37 
MP-16-88-42.0 Bright Angel Creek west 88 42.0 2.50 -16.45 
T-15-107-7.5 Bass Canyon 107 7.5 3.09 -14.60 
T-15-107-17.0 Bass Canyon 107 17.0 2.94 -14.57 
T-15-107-21.5 Bass Canyon 107 21.5 2.56 -10.42 
T-15-107-21.6 Bass Canyon 107 21.6 2.64 -7.18 
T-15-107-22.5a Bass Canyon 107 22.5 3.47 -7.64 
T-15-107-22.5b Bass Canyon 107 22.5 3.44 -7.73 
T-15-107-23.0 Bass Canyon 107 23.0 4.07 -8.98 
T-15-107-23.5 Bass Canyon 107 23.5 4.66 -1.90 
T-15-107-24.5 Bass Canyon 107 24.5 2.43 -8.72 
T-15-107-32.0 Bass Canyon 107 32.0 3.12 -6.43 
T-15-107-33.0 Bass Canyon 107 33.0 2.62 -8.50 
T-15-107-34.0 Bass Canyon 107 34.0 2.54 -7.09 
107 
Sample Locality River Mile Metersa δ13C (‰, PDB) δ18O (‰, PDB) 
T-15-107-35.5 Bass Canyon 107 35.5 2.69 -7.80 
T-15-107-37.5 Bass Canyon 107 37.5 2.96 -6.61 
T-15-107-39.5 Bass Canyon 107 39.5 3.36 -2.73 
T-15-107-40.5 Bass Canyon 107 40.5 2.84 -6.52 
T-15-107-41.25 Bass Canyon 107 41.25 3.61 -2.57 
T-15-107-48.0 Bass Canyon 107 48.0 1.35 -15.23 
T-15-107-69.5 Bass Canyon 107 69.5 1.39 -7.81 
EL-16-107-27.3 Bass Canyon 107 27.3 2.40 -8.52 
EL-16-107-27.7 Bass Canyon 107 27.7 2.44 -9.44 
EL-16-107-28.3 Bass Canyon 107 28.3 2.55 -7.99 
EL-16-107-28.8 Bass Canyon 107 28.8 3.24 -7.72 
EL-16-107-29.1 Bass Canyon 107 29.1 3.72 -8.03 
EL-16-107-29.7 Bass Canyon 107 29.7 3.77 -6.28 
EL-16-107-32.4 Bass Canyon 107 32.4 2.72 -7.19 
EL-16-107-33.3 Bass Canyon 107 33.3 2.57 -7.86 
EL-16-107-39.2 Bass Canyon 107 39.2 3.15 -7.48 
EL-16-107-40.0 Bass Canyon 107 40.0 3.64 -3.98 
EL-16-107-41.0 Bass Canyon 107 41.0 2.94 -8.00 
EL-16-107-41.5 Bass Canyon 107 41.5 2.64 -10.05 
EL-16-107-42.0 Bass Canyon 107 42.0 2.75 -9.00 
EL-16-107-42.6 Bass Canyon 107 42.6 2.67 -9.62 
EL-16-107-42.9 Bass Canyon 107 42.9 2.86 -9.73 
EL-16-107-49.3 Bass Canyon 107 49.3 2.73 -7.20 
EL-16-107-52.4 Bass Canyon 107 52.4 3.03 -6.31 
EL-16-107-52.7 Bass Canyon 107 52.7 2.75 -6.00 
EL-16-107-53.3 Bass Canyon 107 53.3 2.83 -5.26 
EL-16-107-53.6 Bass Canyon 107 53.6 2.44 -5.98 
EL-16-107-54.1 Bass Canyon 107 54.1 3.06 -4.34 
EL-16-107-55.3 Bass Canyon 107 55.3 2.86 -5.21 
EL-16-107-55.8 Bass Canyon 107 55.8 2.98 -5.03 
EL-16-107-87.6 Bass Canyon 107 87.6 1.27 -8.65 
EL-16-107-88.3 Bass Canyon 107 88.3 1.29 -8.53 
EL-16-107-92.5 Bass Canyon 107 92.5 0.11 -9.45 
EL-16-107-92.7 Bass Canyon 107 92.7 0.69 -9.56 
EL-16-107-92.9 Bass Canyon 107 92.9 -0.12 -9.17 
EL-17-107-61.3T Bass Canyon 107 61.3 1.59 -12.67 
EL-17-107-61.6 Bass Canyon 107 61.6 2.92 -5.69 




Table A.5. Unpublished Data from Kah and Bartley 
Sample Formation Metersa δ13C (‰, PDB) δ18O (‰, PDB) Mn (ppm) Fe (ppm) Sr (ppm) Mg/Ca Mn/Sr Fe/Sr Sr/Ca 
CB-150 Castner Marble 1.5 0.72 -11.34 1160 3625 212 0.44 5.48 17.14 0.001200 
CB-390 Castner Marble 3.9 1.27 -10.16 1177 4093 217 0.39 5.43 18.88 0.001160 
CB-640 Castner Marble 6.4 1.33 -11.9 1698 7000 335 0.44 5.06 20.87 0.002020 
CB-970 Castner Marble 9.7 1.04 -11.84 704 3083 353 0.19 1.99 8.73 0.001760 
CB-1145 Castner Marble 11.5 -0.32 -13.19 564 2714 378 0.44 1.49 7.18 0.002280 
CB-1820 Castner Marble 18.2 -0.57 -12.25 532 2111 453 0.36 1.17 4.66 0.002620 
CB-3110 Castner Marble 31.1 -1.58 -10.9 456 2419 326 0.19 1.4 7.43 0.002140 
CB-4290 Castner Marble 42.9 -2.53 -14.5 982 2727 184 0.33 5.35 14.85 0.001060 
CB-4785 Castner Marble 47.9 -0.22 -10.89 863 2956 1536 0.13 0.56 1.92 0.006090 
CB-5160 Castner Marble 51.6 -5.07 -18.37 680 3411 280 0.16 2.43 12.17 0.001310 
CB-6360 Castner Marble 63.6 -2.93 -16.92 743 3033 213 0.15 3.5 14.26 0.000850 
CB-6760 Castner Marble 67.6 -0.78 -7.55 496 2304 324 0.34 1.53 7.11 0.001550 
CB-7425 Castner Marble 74.3 -0.1 -10.31 581 2500 228 0.34 2.55 10.98 0.000980 
CB-8710 Castner Marble 87.1 -0.63 -10.77 503 2056 821 0.07 0.61 2.5 0.002590 
CB-10260 Castner Marble 102.6 -1.32 -16.1 472 1120 120 0.01 3.92 9.31 0.000530 
CB-11640 Castner Marble 116.4 -2.81 -18.35 865 4622 827 0.16 1.05 5.59 0.003130 
CB-13590 Castner Marble 135.9 1.5 -14.4 1274 2477 362 0.35 3.52 6.84 0.001800 
CA-480 Castner Marble 194.8 0.99 -14.45 1358 2184 141 0.01 9.64 15.5 0.000380 
CA-1130 Castner Marble 201.3 1.11 -13.05 709 1809 89 0.01 8 20.41 0.000300 
CA-1810 Castner Marble 208.1 -0.07 -14.69 1044 1692 110 0.01 9.47 15.35 0.000440 
CA-3130 Castner Marble 221.3 -0.71 -12.41 710 2000 254 0 2.8 7.87 0.000730 
CA-3730 Castner Marble 227.3 -0.21 -12.18 714 1634 236 0 3.03 6.93 0.000710 
CA-4925 Castner Marble 239.3 0.54 -15.68 1143 2189 224 0 5.11 9.79 0.000580 
CA-5615 Castner Marble 246.2 0.21 -13.78 945 2000 166 0 5.71 12.08 0.000400 
CA-6615 Castner Marble 256.2 0.51 -13.56 1038 1813 191 0 5.43 9.49 0.000500 
CA-7890 Castner Marble 268.9 0.73 -11.47 678 1800 355 0 1.91 5.07 0.001230 
AT-100 Allamoore Formation 158 2.23 -16.05 325 3611 783 0.55 0.41 4.61 0.004250 
AT-705 Allamoore Formation 164 0.47 -15.89 764 3923 1115 0.54 0.69 3.52 0.006250 
AT-1410 Allamoore Formation 171.1 2.67 -16.09 734 2221 166 0.51 4.41 13.35 0.001050 
AT-1845 Allamoore Formation 175.6 2.12 -16.76 676 4640 864 0.52 0.78 5.37 0.005050 
AT-3650 Allamoore Formation 193.6 3.27 -13.38 2846 7333 74 0.51 38.47 99.13 0.000440 




Sample Formation Metersa δ13C (‰, PDB) δ18O (‰, PDB) Mn (ppm) Fe (ppm) Sr (ppm) Mg/Ca Mn/Sr Fe/Sr Sr/Ca 
AT-6600 Allamoore Formation 223 3.25 -10.25 818 3750 214 0.51 3.82 17.51 0.001260 
AT-7700 Allamoore Formation 234 1.68 -10.74 2043 3548 109 0.52 18.8 32.64 0.000800 
AT-9045 Allamoore Formation 247.5 3.34 -9.99 409 5652 1392 0.48 0.29 4.06 0.007280 
AT-9165 Allamoore Formation 248.7 0.36 -9.67 2921 8059 99 0.49 29.6 81.67 0.000550 
AT-9315 Allamoore Formation 250.2 0.53 -16.55 1988 5265 73 0.52 27.15 71.89 0.000500 
AT-9515 Allamoore Formation 252.2 0.85 -8.81 1960 6024 115 0.51 17.07 52.49 0.000750 
AT-10980 Allamoore Formation 266.8 -0.67 -13.84 2868 4605 116 0.38 24.66 39.59 0.000570 
AT-11410 Allamoore Formation 271.1 2.97 -12.6 331 5219 359 0.52 0.92 14.52 0.002260 
AT-11710 Allamoore Formation 274.1 0.97 -19.37 92 1781 720 0.03 0.13 2.47 0.002430 
AT-12537 Allamoore Formation 282.4 1.62 -14.13 577 2767 505 0.48 1.14 5.48 0.002320 
AT-13165 Allamoore Formation 288.7 1.98 -16.42 43 1659 722 0 0.06 2.3 0.002270 
AT-13365 Allamoore Formation 290.7 1.41 -17.42 400 2286 380 0.15 1.05 6.01 0.001410 
AT-13400 Allamoore Formation 291 1.08 -18.37 791 2935 122 0.47 6.5 24.11 0.000670 
AT-13850 Allamoore Formation 295.5 0.63 -17.76 674 2734 234 0.28 2.88 11.69 0.001100 
AT-14565 Allamoore Formation 309 0.33 -18.66 6351 6541 142 0.35 44.63 45.96 0.001030 






APPENDIX B. STRATIGRAPHIC COLUMNS 
 
Fig. B.1. Hance Rapids, stratigraphic column 
111 
 
Fig. B.2. Key for stratigraphic columns 
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Fig. B.3. Vishnu Canyon, stratigraphic column 
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Fig. B.4. Clear Creek (west), stratigraphic column 
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Fig. B.5. Clear Creek (east), stratigraphic column 
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Fig. B.6. South Kaibab Trail stratigraphic column 
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Fig. B.7. Bright Angel Creek (east), stratigraphic column 
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Fig. B.8. Bright Angel Creek (west), stratigraphic column 
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Fig. B.9. Bass Canyon, stratigraphic column 
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APPENDIX C. ISOTOPE PLOTS 
 
Fig. C.1. Hance Rapids δ13C and δ18O data 
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Fig. C.2. Vishnu Canyon δ13C and δ18O data 
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Fig. C.3. Clear Creek (west), δ13C and δ18O data 
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Fig. C.4. Clear Creek (east), δ13C and δ18O data 
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Fig. C.5. South Kaibab Trail δ13C and δ18O data 
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Fig. C.6. Bright Angel Creek (east), δ13C and δ18O data 
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Fig. C.7. Bright Angel Creek (west), δ13C and δ18O data 
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Fig. C.8. Bass Canyon, δ13C and δ18O data 
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APPENDIX D. FIELD PHOTOGRAPHS 
 
Fig. D.1. Bright Angel Monocline from Bright Angel Trail 
 




Fig. D.3. Conical stromatolites, Clear Creek (RM 84). 
 
Fig. D.4. Conical Stromatolites, Bright Angel Creek, east (RM 88). 
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Fig. D.5. Silicified conical stromatolite, Bright Angel Creek, west (RM 88). 
 
Fig. D.6. Broadly domed stromatolites, Vishnu Canyon (RM 81). 
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Fig. D.7. Side view of broadly domed stromatolites from Fig. D.6, Vishnu Canyon (RM 
81). 
 





Fig. D.9. Calcitic Boundstone, Bass Canyon (RM 107). 
 
Fig. D.10. Pisoids, Bass Canyon (RM 107). 
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Fig. D.11. Collapsed pisoid bed, Bright Angel Creek, east (RM 88). 
 
Fig. D.12. Intraclastic breccia, Clear Creek, east (RM 84). 
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Fig. D.13. Interbedded shales and carbonates, Clear Creek, east (RM 84). 
 
Fig. D.14. Ripplemarks and mudcracks in situ, Hance Rapids (RM 77). 
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Fig. D.15. Mudcracks (float), Hance Rapids (RM 77). 
 




Fig. D.17. Arkosic arenite sandstone, Hance Rapids (RM 77). 
 
Fig. D.18. Mud crack casts (float), Vishnu Canyon (RM 81). 
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Fig. D.19. Broad channel, South Kaibab Trail (RM 87.5). Channel from Nalgene in left 
of photo to geologist in right of photo. 
 
Fig. D.20. Crossbedding, South Kaibab Trail (RM 87.5). 
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Fig. D.21. Hotauta Conglomerate, Hance Rapids (RM 77), river left. 
 
 




Fig. D.23. Mass flow deposit, Bright Angel Creek, east (RM 88). 
 
Fig. D.24. Mass flow deposit with ripped up stromatolites redeposited as clasts, Clear 




Fig. D.25. Mass flow deposit with ripped up stromatolites redeposited as clasts, Clear 
Creek, east (RM 84). 
 




Fig. D.27. Interbedded siltstone, sandstone, and thin carbonate beds in upper part of 
Vishnu Canyon (RM 81). 
 
Fig. D.28. Clear Creek east (RM 84). 
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Fig. D.29. View downriver to Hance Rapids (RM 77), first outcrops of Bass. Note 
diabase sill intruding lower portion of section. 
 




Fig. D.31. Clear Creek, west section (RM 84). 
 
 
Fig. D.32. Part of Bright Angel Creek, west section (RM 88).
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APPENDIX E. PHOTOMICROGRAPHS 
 
Fig. E.1. Carbonates 
144 
 
Fig. E.2. Stromatolites/Calcispheres 
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Fig. E.3. Evaporitic Textures 
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Fig. E.4. Siliciclastics 
147 
 
Fig. E.5. Mass Flow Samples 
